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resumo 
 
 
Os incêndios florestais e a qualidade do ar em cenário de alteração climática 
constituem uma das maiores ameaças ao desenvolvimento sustentável. 
Nestes sentido, este trabalho pretende avaliar o impacte das alterações 
climáticas nos incêndios florestais e na qualidade do ar.  
A análise estatística de doze distritos Portugueses revelou que a meteorologia 
e as componentes do índice Canadiano de risco de incêndio são as variáveis 
que determinam os números dos incêndios florestais em Portugal. Neste 
âmbito, este trabalho pretendeu também caracterizar os padrões atmosféricos 
associados à ocorrência dos incêndios florestais. Com base numa análise 
estatística com desfasamento temporal (lagged correlation) concluiu-se que a 
ocorrência de grandes incêndios é precedida por transporte de ar quente e 
seco do centro da Península Ibérica para Portugal. 
De forma a avaliar o impacte das alterações climáticas nos incêndios florestais 
estimou-se o índice meteorológico de risco de incêndio para o cenário SRES 
A2 do IPCC para duas resoluções espaciais, 12 km e 25 km. A análise permitiu 
concluir que num cenário de alteração climática o risco de incêndio sofrerá um 
agravamento significativo, principalmente nos distritos do Norte e Centro do 
país. Com base nesta análise e nas relações estatísticas estabelecidas entre 
os incêndios florestais e a meteorologia foi possível prever a área ardida e o 
número de incêndios em clima futuro. Os distritos de Bragança e Porto 
poderão ser os mais afectados em termos de aumento da área ardida. As 
projecções indicam que no final do século XXI a área ardida e o número de 
incêndios em Portugal poderão aumentar cerca de 500 % e 300 %, 
respectivamente, relativamente aos anos 80.  
Com base nas projecções de área ardida em clima futuro estimaram-se as 
emissões provenientes dos incêndios florestais e avaliou-se o seu potencial 
impacte na qualidade do ar. O impacte das alterações climáticas e dos 
incêndios florestais nos níveis de ozono e partículas foi avaliado através da 
aplicação do sistema de modelação MM5/CHIMERE. As projecções indicam 
que a alteração climática contribui para o aumento dos níveis de ozono na 
atmosfera em cerca de 20 µg m-3. Se a emissão dos incêndios florestais em 
clima futuro também for considerada poderá verificar-se uma redução das 
concentrações de ozono na imediação dos incêndios florestais e um aumento 
a jusante. Os níveis de partículas na atmosfera sofrerão aumentos mas 
também serão detectadas diminuições em determinadas regiões. 
Neste trabalho desenvolveu-se uma ferramenta científica inovadora que ajuda 
a fundamentar decisões políticas e estratégias de combate e mitigação do 
impacte das alterações climáticas nos incêndios florestais e na qualidade do 
ar. 
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abstract 
 
Forest fire activity and air quality under a changing climate are considered one 
of the main threats to sustainable development. The interaction between the 
climate, the forest fire activity and the air quality over Portugal is the main 
purpose of this study.  
The relationship between the weather, the fire weather risk and the forest fire 
activity has been assessed for twelve districts over Portugal. Statistical 
significant correlations have been established among the analysed variables 
indicating the weather as the most important natural factor influencing forest 
fires in Portugal. In order to better assess the role of the regional scale 
atmospheric conditions in fire activity, the typical structural evolution of the 
atmospheric field patterns in a wildfire event was investigated by lagged 
analysis. The analysis pointed out that in the pre-phase of a forest fire event 
heated air is transported from the Iberian Peninsula’s centre towards Portugal. 
Having in mind the important role of the atmospheric conditions on fire activity 
statistics over Portugal, the fire weather under the IPCC SRES A2 scenario 
was assessed for two spatial resolutions, 12 km and 25 km. A substantial 
increase on the future fire weather risk over Portugal especially in the inner 
districts of the North and Centre is expected.  
Taking into account that the weather explains the majority of the forest fire 
activity in Portugal and based on the fire weather projections under future 
climate it was possible to forecast future area burned and number of forest 
fires. The projections showed a substantial increase on the area burned namely 
in Bragança and Porto districts. By the end of the XXI century, Portugal may 
face increases of approximately 500 % and 300 % for area burned and number 
of fires, respectively, comparatively to the 80s.  
Based on the future area burned projections it was possible to estimate future 
fire emissions and to evaluate their impact on air quality. The MM5/CHIMERE 
air quality modelling system was applied to the reference and to the future 
climate scenarios. The projected impacts pointed that climate change alone 
enhances the ozone levels in the atmosphere of up to 20 µg m-3. When forest 
fire emissions are also considered the ozone levels decrease in the vicinity of 
the forest fires but increase downwind of their locations. The particulate matter 
in the atmosphere will increase but decreases may also be detected. 
This study constitutes an innovative scientific tool that helps to fundament 
strategies and policies to face and mitigate future climate change impacts on 
forest fire activity and air quality. 
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1
national and local levels. The Intergovernmental Pannel on Climate Change (IPCC) 
community has the main aim to develop, analyse and implement the best 
ext is one of the complex features that should be 
addressed.  
different countries namely Australia, Canada and United States of America (USA) 
iller, 2007]. In this declaration several 
issues were highlighted: 
? Both fire and climate regimes interact with other natural processes to drive the 
formation of vegetation in natural ecosystems; 
? Historical fire regimes have been disrupted globally across ecosystems; 
? ith other human activities to further change fire 
regimes in a different manner; 
. Introduction 
Nowadays climate change plays a crucial role in the international policy agenda and at 
develops fundamental actions in putting together all the developing and under 
developing countries trying to find answers to the most proeminent questions 
regarding climate change and its main challenges. In this scope the scientific 
methodologies to assess climate change and to promote the best practices to mitigate 
the projected impacts. In order to accomplish that, several processes should be taken 
into account in the scope of climate change assessment studies. The role of forest fires 
in the climate change cont
There are regions of the world more vulnerable to climate change and some of those 
regions are also sensitive to forest fire occurrences. The way climate change drives 
forest dynamics, land use and forest fires is still poorly studied. Scientist from 
resumed the main threats in a simple guideline known as the San Diego Declaration 
on Climate Change and Fire Management [M
Climate change will interact w
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? Abrupt climate change can lead to rapid and continuous changes that disrupt 
natural processes and plant communities; 
? Changes in climate will limit the ability to manage wildland fire and apply 
prescribed fire across the landscape; 
? Land managers should base fire management decisions on scenarios that assume 
greater variability in climate and the potential for abrupt change. 
This statement summarizes the main challenges that must be faced when fire activity 
and climate change are put together. The knowledge that is gathered on these topics 
and their relationship is an important tool to support decisions and fundament actions. 
The way climate change interacts with the forests of the world and consequently with 
forest fire activity is a point of debate among the scientific community.  
Several features dominate the forest fires of a given region and these can be 
described in terms of the main temporal and spatial scales of variation. Figure 1.1 
summarizes the main chacteristics of the temporal and spatial scales that are closely 
related to the forest fire dynamics. From a fire event to the definition of the fire 
regime of a given region several drivers are determinant in the characterization of 
these dynamics.  
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Figure 1.1 – Scheme of the scaling responses and drivers of the forest fire dynamics 
[Littell and Graumlich, personnel communication]. 
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From the local weather conditions to the large scale weather patterns the forest fires 
evolve from simple events to the definition of the fire regime of a given region. The 
short temporal scale and the local characteristics that dominate a fire event are ruled 
by the local weather conditions that drive the forest fires daily variability. Additionally, 
the physiographic and the topographic variability that characterize the large temporal 
and spatial scales variations represent the broader influence of these scales on the fire 
regime definition.  
To correctly assess the inter-connection between all analysed drivers human influence 
must also be considered. One of the best definitions of this relationship is given by 
Stephen Pyne [Pyne, 2007] who describes the area burned of a region as “a proxy of 
climate interacting with people”. At a larger temporal and spatial scale human 
activities may deeply influence climate and subsequently the fire regime of a region. 
At local scale human activities have a remarkable impact on forest fires mainly 
through changes in land-use, negligente actions or simply by arson.  
The influence of the human activities on climate is leading to worldwide forest fire 
changes and disruptions. The most recent report of the IPCC [IPCC, 2007] discusses 
the changing of the vegetation structure and composition due to intensified wildfire 
regimes driven at least partly by the 20th century climate change. Worldwide the 
wildfire regime is changing. In the USA the number of forest fires is decreasing due to 
fire prevention but they are becoming larger and consequently more severe. In this 
sense the fire suppression efforts are escalating [Miller, 2007]. Across the entire North 
American boreal region the total area burned from natural fires increased by a factor 
of 2.5 between the 1960 and 1990s, while the area burned from human-induced fires 
remained constant [Kasischke and Turetsky, 2006].  
Recently, Europe has experienced a large number of forest fires that have caused 
enormous losses in terms of human lives, social disturbances, environmental damage 
and economic disruptions. Most of the fires in Europe take place in the Mediterranean 
region where over 95 % of the forest fire damage occurs [EC, 2003]. There are 
several features that make the landscapes of the European Mediterranean Basin 
different from those of the rest of Europe. These differences are mainly related to the 
climate, the long and intense human impact, and the role of fire. The latter is, in turn, 
influenced by the other two [Pausas and Vallejo, 1999]. The interaction between the 
humans and the fire is a complex question that drives the majority of fire occurrences 
in southern Europe.  
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Since 1980, the statistics of the annual area burned in Portugal, Spain, France, Italy 
and Greece, have varied considerably from one year to the next, which can be an 
indication of how strongly the area burned depends on weather conditions. Fire 
occurrence increased during the 1990s, but since 2001 the number of fires has 
remained more or less stable [EC, 2005]. This stabilization was possibly due to public 
information campaigns and improvements in the prevention and fire-fighting abilities 
of these countries. In Portugal, out of the last 25 years 2003 was the worst fire 
season, which resulted in the burning of almost 430,000 ha of forested lands and 
shrublands with global economic losses of 1,200 million Euros [DGRF, 2006a]. In that 
year the social costs were most significant with the loss of 20 human lives and the 
destruction of 117 houses. Due to extreme climatic conditions 2005 also recorded a 
very high value of area burned, approximately 325,000 ha.  
Even the main reason for fire increase is probably changes in land use, climatic factors 
should be considered as a contributing factor. Fires tend to be concentrated in 
summer when temperatures are high, and air humidity and fuel moisture are low 
[Pausas and Vallejo, 1999]. Over Portugal and since 1972, there is a general trend 
towards an increase in the mean annual surface air temperature. Additionally, spring 
accumulated precipitation has registered a systematic reduction, accompanied by 
slight increases in the other seasons [Santos et al., 2002]. Predictions of climate 
warming in the Mediterranean basin indicate an increase in air temperature and a 
reduction in summer rainfall [Christensen and Christensen, 2007]). Although there is 
uncertainty on the mean and variance of the precipitation changes, all predictions 
suggest a future increment in water deficit. These changes would lead to an increase 
in water stress conditions for plants, changes in fuel conditions and increases in fire 
risk, with the consequent increase in ignition probability and fire propagation [Pausas 
and Vallejo, 1999].  
Since the late 70s biomass burning has been recognized as an important source of 
atmospheric pollutants [Crutzen et al., 1979]. Several works have already discussed 
the importance of forest fires as a source of air pollutants [Crutzen and Andreae, 
1990; Miranda et al., 1994; Andreae and Merlet, 2001; Amiro et al., 2001a; Miranda 
et al., 2005a; Miranda et al., 2005b] and in a changing climatic scenario this 
contribution can increase dramatically [Amiro et al., 2001b] due to larger area burned. 
Forest fire emissions, namely particulate matter (PM), ozone (O3) precursor gases and 
carbon dioxide (CO2), can significantly impact the ecosystems and the air quality and 
consequently human health [Riebau and Fox, 2001]. Particularly, they can influence 
plant productivity downwind of fires through enhanced ozone and aerosol 
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concentrations [Sitch et al., 2007]. In a changing climate the forest fire emissions can 
play an important role in all these interactions.  
Air quality and its potential impacts namely in the ecosystems, structures and human 
health is currently one of the main concerns at global, regional and local scales. 
Atmospheric pollutants are a transboundary problem that must be ruled by global to 
regional goals, as well as local measures and plans. The atmospheric CO2 has 
increased globally by about 100 ppm (36 %) over the last 250 years, from a range of 
275 to 285 ppm in the pre-industrial era (AD 1000–1750) to 379 ppm in 2005 [IPCC, 
2007]. The increases in global atmospheric CO2 since the industrial revolution are 
mainly due to CO2 emissions from the combustion of fossil fuels, gas flaring and 
cement production. Other sources include emissions due to land use changes such as 
deforestation [Houghton, 2003] and biomass burning [Andreae and Merlet, 2001; Van 
der Werf et al., 2004]. As a result of the increase of ozone precursor’s emissions, 
namely nitrogen oxides (NOx), the tropospheric ozone concentrations doubled since 
the end of the XIX century [Brasseur et al., 2003]. Besides the effects of O3 on human 
health [Weisel et al., 1995], tropospheric O3 is the third most important anthropogenic 
greenhouse gas (GHG) after CO2 and methane (CH4) [Jacob and Gilliland, 2005]. 
Moreover, changes in ozone near the Earth’s surface reduce plant growth as well as 
cause respiratory problems in humans. Sitch et al. [2007] identified a further indirect 
link between global warming and ozone: if ozone continues to increase vegetation will 
take up less and less of the carbon dioxide, which will leave more CO2 in the 
atmosphere, adding to global warming. 
The interaction between pollutants emissions, air quality and climate change 
constitutes a complex system. Major identified feedback mechanisms include the 
change of chemical reaction rates due to temperature change, changes in lightning 
emissions, and possibly further stratospheric ozone depletion due to enhanced 
heterogeneous processing in a cooling stratosphere. Climate change may also alter the 
general circulation of the atmosphere and dynamical processes on smaller scales, such 
as boundary layer ventilation, convection activity, and stratosphere-troposphere 
exchange. These considerations suggest that climate change should be considered in 
model studies of ozone over long periods of time [Gauss et al., 2006]. 
In the scope of climate change, the way the different implementation plans and 
strategies (through the development of emissions scenarios) impact the air quality at 
global, regional and local scales can be assessed through the application of air quality 
modelling systems. These modelling systems usually consist of a meteorological model 
and a Chemical Transport Model (CTM) and can be run together (on-line) or separately 
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(off-line). In the scope of the research network ACCENT - Atmospheric Composition 
Change: an European Network, a multi-model experiment considering ozone changes 
between 1850 and 2000 was carried out by seven chemistry-climate models (CCM) 
and three chemical transport models [Gauss et al., 2006]. The obtained results 
allowed determining that the resulting radiative forcing is strongly dependent on the 
location and altitude of the modelled ozone change and varies between 0.25 W m−2 
and 0.45 W m−2 due to ozone change in the troposphere and −0.123 W m−2 and 
+0.066 W m−2 due to the stratospheric ozone change. 
In Dentener et al. [2006] the tropospheric composition change to be expected in the 
near future (year 2030) is investigated using 26 state-of-the-art global atmospheric 
chemistry transport models and three different emissions scenarios. Based on the 
ensemble mean model results, by 2030 global surface ozone is calculated to increase 
globally by 4.3 ± 2.2 ppb for the IPCC SRES A2 scenario [Nakicenovic et al., 2000]. 
This study shows the importance of enforcing current worldwide air quality legislation 
and the major benefits of going further. Nonattainment of these air quality policy 
objectives, such as expressed by the IPCC SRES A2 scenario, would further degrade 
the global atmospheric environment. 
The analysis of the climate change impacts on air quality and its feedback mechanism 
is nowadays a well recognised approach at the global scale. Nonetheless, studies from 
the regional to a country scale are not so widespread. The highest number of studies 
can be found for USA [e.g. Hogrefe et al., 2005]. Over Europe some studies have 
addressed this issue [e.g. Szopa et al., 2006] pointing that by 2030 estimated ozone 
levels, in July, may increase up to 5 ppb. In Europe and at country level these studies 
are still reduced and only applied for episodic situations [e.g. Borrego et al., 2000]. 
Additionally, the interaction between climate change, forest fire emissions and air 
quality is still poorly discussed. In this scope, the main objective of this thesis is to 
investigate the role of climate change in forest fire activity and its impacts on air 
quality patterns over Portugal through the projection of future area burned and 
pollutants emissions under the IPCC SRES A2 climatic scenario.  
The importance of the regional weather patterns in the forest fire dynamics is the first 
main aim to be attained. In Chapter 2 a synoptical analysis is conducted in order to 
assess the temporal/spatial evolution of the weather patterns most related to forest 
fires in Central Portugal. Worldwide several studies have already discussed the 
relationship between the atmospheric field patterns and the forest fire activity [e.g. 
Skinner et al., 1999]. In Portugal this has been addressed by several authors using 
different approaches [e.g. Lourenço, 1988]. In Chapter 2 the temporal evolution of 
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different atmospheric variables and the area burned in Central Portugal is assessed 
between 1980 and 2001. This analysis allows determining the pre-event situation as 
well as the pos-event atmospheric conditions namely in what concerns temperature, 
wind and humidity. The Iberian thermal low is an important weather type in the 
Iberian summer climatology [Hoinka and Castro, 2003]. So, the link between the 
occurrence of Iberian thermal lows and large forest fires is also investigated. The work 
presented in Chapter 2 was developed under the Portuguese-German Concerted 
Action and was submitted to the International Journal of Wildland Fire [Hoinka et al., 
2007a]. 
Chapter 2 identifies the most relevant regional scale atmospheric field patterns to 
forest fire events. In addition, in Chapter 3 the role of the surface meteorological 
conditions that lead the forest fire statistics in Portugal is assessed and discussed. 
Previous studies already settled the weather as a crucial variable in the development 
and supporting of forest fires in southern Europe namely in Portugal [e.g. Viegas et 
al., 1992]. An adequate way to study this relationship is through the estimation and 
analysis of the fire weather index components over Portugal. A fire weather rating 
system represents a way to rank the level of risk of a region to forest fires ignition and 
propagation. Since 1998, the Canadian Fire Weather Index (FWI) System [Van 
Wagner, 1987] is used by the Portuguese authorities to assess the level of risk during 
the summer months namely between May and October. In Chapter 3 the relationship 
between the weather, the FWI components and the area burned and the number of 
fires is established for the period between 1980 and 2004 for 12 districts over 
Portugal. It was not possible to analyse the 18 Portuguese districts due to 
meteorological data limitations. The weather and the FWI components were used as 
predictors for the area burned and the number of fires for the studied period. The year 
2005 was used to validate the obtained statistical models. Additionally, the most 
significant variables that explain the forest fire activity in Portugal were discussed. The 
work presented in Chapter 3 was published in the International Journal of Wildland 
Fire [Carvalho et al., 2007a]. 
Chapters 2 and 3 analyse and discuss the role of the atmospheric conditions in the 
development and enhancement of the forest fire activity over Portugal. The obtained 
results give supporting information that can be used to assess the impacts of climate 
change on fire weather risk and on fire activity over Portugal. In this scope, Chapter 4 
investigates the potential impacts of climate change on fire weather. The analysis was 
based on the assessment of two climatic scenarios: the reference scenario (1961-
1990) and the IPCC SRES A2 scenario (2071-2100) [Nakicenovic et al., 2000]. For the 
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analysed time slices the IPCC SRES A2 is consistent to a 2 x CO2 climatic scenario. The 
impact assessment study was based on the outputs of the regional climate model 
HIRHAM [Christensen et al., 1996] at two high spatial resolutions, 12 km and 25 km. 
The impact of different spatial resolutions on fire weather risk projections was also 
assessed. The obtained projections allowed determining the most affected Portuguese 
districts in terms of fire weather and also the temporal and spatial characteristics of 
the projected impacts. Part of the work presented in Chapter 4 was presented in 
Carvalho et al. [2006a]. 
Based on the relationships between the weather, the fire weather risk and the fire 
activity in Portugal developed in Chapter 3 and on the fire weather risk projections 
discussed in Chapter 4 it was possible to investigate the area burned and the number 
of fires in Portugal by the end of the 21st century. Hence, Chapter 5 presents the 
projected increases on the annual area burned and on the annual number of fires for 
the 12 Portuguese districts. The monthly distribution of the area burned and the 
number of fires is also assessed. The work developed in Chapters 4 and 5 has been 
submitted to the Climatic Change journal [Carvalho et al., 2007b]. 
One of the main goals of this thesis is to study the role of future forest fire activity on 
air quality over Portugal. The area burned projections estimated in Chapter 5 allow 
determining the future forest fire emissions based on emission factors, burning 
efficiency and fuel load characteristics typical of the Portuguese ecosystems. To 
evaluate the impact of climate change and future forest fire emissions on pollutants 
concentration in the atmosphere the application of an air quality numerical system is 
fundamental. The MM5/CHIMERE [Grell et al., 1994; Schmidt et al., 2001] modelling 
system was applied over two domains, Europe and Portugal, at two spatial resolutions, 
50 km and 10 km, respectively. Monthly and hourly averages of ozone and particulate 
matter were investigated from May 1st to October 30th for 1990 and 2100 climates. A 
detailed analysis was conducted in order to investigate the impacts of climate change 
and future forest fire emissions on pollutants concentrations in the atmosphere. The 
work discussed in Chapter 6 was presented at two conferences [Carvalho et al., 
2007c,d]. 
Finally, in Chapter 7 a brief summary of the main results is carried out. Additionally, 
the general conclusions are explored and possible future developments discussed. 
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2.1. Introduction 
between the atmospheric weather patterns and the forest fire activity have as main 
in advance of the fire season, e.g. seasonal fire forecast [Westerling et 
al., 2003].  
intensified by local wind patterns revealed an important role in the severe 2003 fire 
. Regional scale weather 
patterns and fire activity in 
Portugal 
 
Diverse scales of atmospheric motion influence wildfire’s behaviour, from the large-
scale weather patterns (∼ 1000 km) down to the local fire-generated flow of a few tens 
of meters. Several studies have correlated large-scale, synoptic-scale and local-scale 
weather to wildfire activity. Most of the studies that analyse the potential relationship 
objective the development of forecast models that support the fire management 
agencies well 
In 1969, Schroeder constructed the fire weather climatology for the United States 
through the linking of large-scale synoptic patterns with regional to local scale fire 
danger. Brotak and Reifsnyder [1977] showed that 80 % of major fires in the eastern 
United States occurred associated to frontal passages which were associated with a 
trough at 500 hPa. In California, the large-scale atmospheric circulation patterns 
season [Westerling et al., 2004]. Crimmins [2006] related the daily surface fire 
weather index values to their respective synoptic circulation patterns across the 
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southwest United States. Three key circulation patterns representing broad 
southwesterly flow and large geopotential height gradients are associated with over 
80 % of the extreme fire weather days identified. For Canada, statistically significant 
positive correlations were established between regional area burned and the 500 hPa 
pressure field anomaly series [Skinner et al., 1999; 2002]. Johnson and Wowchuk 
[1993] concluded that the large wildfires in the southern Canadian Rocky Mountains 
showed significantly lower fuel moisture conditions and many mid-tropospheric 
e relative humidity the lowest  
surface-blocking events (high-pressure upper level ridges) during July and August. 
Over the Iberian Peninsula (IP) some studies have already analysed the synoptic 
conditions associated to the occurrence of large wildfires [Lourenço, 1988; Ramos and 
Ventura, 1992; Alcoforado and Almeida, 1993; Millán et al., 1998; Pereira et al., 
2005; Trigo et al., 2006; Viegas et al., 2006]. In 1988, Lourenço examined the 
synoptic conditions that characterized eight major forest fires that occurred in 1986 in 
Central Portugal. The author found that in seven out of eight of the fires, the synoptic 
conditions were the same: an extension of the Azores High Pressure System to the 
centre of Europe, which brought warm, dry easterly winds. Fires began under easterly 
winds and ended after the winds shifted to westerlies, which brought moist, cool 
maritime air. Ramos and Ventura (1992) classified in six categories the synoptic 
conditions prevailing in the four months of the fire season (June–September) in 
Portugal between 1987 and 1989. The two synoptic conditions in which fire risk was 
found to be extreme were the extended Azores High Pressure System (maximum 
temperature of 31.2 ºC and easterly winds from the Iberian Peninsula) and the 
elongated Thermal Low Pressure System from the Sahara (maximum temperature of 
32.5 ºC and an advection of warm, dry air from North Africa). These two synoptic 
situations were found to be the most favourable for the development of forest fires, 
where the maximum temperature were the highest, th
and the winds had an easterly continental component. 
Pereira et al. [2005] discussed the synoptic conditions associated with large wildfires 
in Portugal and investigated the link between the precipitation, the meteorological fire 
index based on the geopotential height at 500 hPa level and the area burned during 
summer. The authors concluded that the occurrence of large wildfires is related to a 
typical atmospheric circulation pattern dominated by a strong ridge located over the 
Iberian Peninsula. More recently, Trigo et al. [2006] analysed the atmospheric 
conditions related to the devastating 2003 fire season in Portugal. Synoptic conditions 
associated with wildfire occurrences were characterised by the temperature field at 
850 hPa. At surface, maximum and minimum temperatures, relative humidity, and 
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wind speed and direction, recorded at synoptic stations were also assessed. The 
authors concluded that the observed anomalies of daily values of temperature at 
850 hPa surpassed historical maxima over southern and central Portugal on the 1st 
and 2nd of August, respectively. Additionally, the days with the highest amounts of 
daily area burned were characterised by large anomalies of surface meteorological 
variables that favour wildfire activity, namely surface maximum and minimum 
 and 34 %) than the pos-peak months of September 
ral/spatial evolution of the 
eather patterns most related to forest fires in Portugal.  
 
2.2. Data and Methods 
temperature, relative humidity, and wind speed and direction. 
During the summer months over the IP the dominant weather type is a thermal low 
[Hoinka and Castro, 2003]. A thermal low is a warm, shallow, non-frontal depression 
which forms above continental regions, mostly in the subtropics but also in the 
midlatitudes [Alonso et al., 1994]. These systems form mostly during summer months 
because of the intense surface heating over land. Thermal low surface conditions are 
characterized by dry and hot weather which are favourable for wildfires starting and 
spreading. Hoinka and Castro [2003] analysed the ReAnalysis Project (ERA) data 
provided by the European Center for Medium-Range Weather Forecast (ECMWF) 
between 1979 and 1993. A criterion was applied in order to detect the thermal low 
signal over the IP. During the peak months of July and August, thermal lows were 
observed in 45 % of the days. The pre-peak season (May and June) showed a higher 
frequency of occurrence (14 %
and October (18 % and 2 %).  
The way the thermal low weather pattern interacts with the forest fire activity is still a 
point of debate. The potential relationship between both phenomena is discussed in 
this chapter. The relationship between the atmospheric characteristics and the area 
burned in Portugal is also analysed through lagged covariance. The statistically 
relevant evolution of the atmospheric fields associated with wildfires in Portugal is also 
presented. In particular, it allows determining the pre-event situation as well as the 
pos-event conditions. This chapter discusses the tempo
w
Three data series were used in this study: the ERA40 Reanalysis series provided by 
the ECMWF and a time series of fire activity as provided by the Portuguese General 
Directorate of Forestry Resources (DGRF). The third series contains Iberian daily 
thermal low’s occurrence based on ERA40 taken from Hoinka et al. [2007b]. Hence, 
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firstly the forest fire data used in this study are described - Forest fire activity in 
Central Portugal. Secondly, the Iberian Peninsula summer climate and the thermal low 
characteristics are analysed - The ERA40 data and the summer climate of the Iberian 
eninsula. 
mentioned districts have the highest area 
urned among all 18 Portuguese districts.  
 
P
 
2.2.1. Forest fire activity in Central Portugal 
The fire activity database consists of daily information on the number of fires and area 
burned by district for the period between 1980 and 2001. Annual area burned of more 
than 8000 ha is observed in the districts of Central Portugal: Castelo Branco, Coimbra, 
Guarda, and Viseu (Figure 2.1). All above
b
A
ve
ir
o
B
ej
a
B
ra
g
a
B
ra
g
an
ca
C
as
te
lo
 B
ra
n
co
C
o
im
b
ra
E
vo
ra
Fa
ro
G
u
ar
d
a
Le
ir
ia
Li
sb
o
a
P
o
rt
al
eg
re
Po
rt
o
S
an
ta
re
m
S
et
u
b
al
V
ia
n
ad
 d
o
 C
as
te
lo
V
ila
 R
ea
l
V
is
eu
0
5000
10000
15000
20000
25000
30000
35000
40000
45000
50000
A
n
n
u
al
 a
re
a 
b
u
rn
ed
 (
h
a)
 Median  25%-75%  Min-Max 
 
Figure 2.1 - Annual area burned (ha) by Portuguese district from 1980 to 2001. 
t was added to the abovementioned four districts to form a 
one belt (Figure 2.2).  
 
 
Therefore the analysis was concentrated in the Central region of Portugal, the belt 
between Spain and the coast, meridionally roughly limited by the rivers Douro and 
Tejo. The Aveiro distric
z
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Figure 2.2 – Map of Portugal with the districts identification. The districts used in this analysis 
are shaded. 
 
The peak season of wildfires is the period between June and September (JJAS) (Figure 
2.3). Pereira et al. [2005] also pointed out that 93 % of the annual area burned was 
registered during these months. Thus the analysis was restricted to this season 
because the chosen districts and period cover a great part of Portuguese wildfire 
activity. To get a sufficient strong signal, only days with area burned exceeding 500 ha 
were considered in the correlation analysis. Apparently, this is an arbitrary limit; 
however, it allows suppressing small and ineffective fires, probably also days with 
unfavourable wildfire conditions. 
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Figure 2.3 – Monthly area burned (ha) (from March to October) for the districts of Aveiro, Viseu, 
Coimbra, Castelo Branco, and Guarda from 1980 to 2001. 
 
The area burned was used in this analysis because significant statistical relationships 
were established between the area burned and the weather variables [Viegas et al., 
1992; Viegas and Viegas, 1994]. These relationships will be explored in Chapter 3. 
 
2.2.2. The ERA40 data and the summer climate of the Iberian Peninsula  
The atmospheric data used are part of the ERA40 set covering the period 1958-2001 
generated by the ECMWF Reanalysis Project [Uppala et al., 2005]. The wind, 
geopotential height, pressure, temperature and humidity data are available at a 1º x 
1º horizontal grid resolution. In the vertical, pressure level data at 1000, 925, 850, 
775 and 500 hPa as well as model level data for approximately 10, 100, 500 and 
1000 m above ground level (agl) were used. All fields are available four times a day, 
but daily mean fields were also considered.  
The particular conditions dominating the fire activity are short-term meteorological 
extremes that are not strongly related to monthly or seasonal climate variations. 
Nevertheless, the climatic state of the extended summer period (JJAS) is briefly 
presented showing summertime features which provide in general favourable 
conditions for wildfires. Figure 2.4 shows the daily averages of temperature, specific 
humidity and wind speed at 10 m and the mean sea level pressure (mslp), based on 
the ERA40 dataset.  
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Figure 2.4 – Daily averages of surface parameters at 10 m agl for JJAS from 1980 to 2001 from 
ERA40: a) mslp (increment of 0.5 hPa; reduced by 1013 hPa); b) temperature (ºC); c) specific 
humidity; and d) wind speed (wind vector at lower left indicates 5 m s-1). The shaded area in (c) 
indicates areas with humidity lower than 9 g kg-1 in order to emphasize the Central Iberian 
minimum. 
 
Because the thermal low’s peak time is at 18 UTC (at this time occurs the daily 
minimum surface pressure) [Hoinka and Castro, 2003], it appears only weakly in the 
daily averaged mslp pattern (a) in the southern part of the IP. The averaged 
temperature (b) rises up to 23ºC above the IP. In turn the specific humidity (c) 
decreases to less than 7 g kg-1. The wind field (d) shows in general a northerly flow 
above the Atlantic Ocean which turns to north-westerlies above Portugal due to the 
strong surface pressure gradients (not shown). Above Spain this flow turns to 
southerly directions with weak wind speeds of around 1 m s-1.  
As already pointed out the thermal low is the dominant weather type during the 
summer months over the IP. The thermal low’s center is usually found above the IP’s 
center, hence remarkable surface pressure gradients occur at the periphery of the low 
which coincide roughly with the peninsula’s coastal boundaries [Hoinka and Castro, 
2003]. This surface pressure pattern is used to obtain a temporal series of a 
parameter characteristic for Iberian thermal lows. Hoinka and Castro [2003] give a 
detailed description of the criteria applied to obtain the Iberian thermal low days. A 
brief description of the applied criteria is described here.  
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To decide if there is a heat low above the IP, the mean sea level pressure (mslp) at 06 
and 18 UTC and the structure of the 925 hPa surface are considered. Data from the 
925 hPa level are preferably used because the IP’s mean surface height is at about the 
same level. Following Hoinka and Castro [2003], at the peak time of the heat low (18 
UTC), height differences (z*) in the 925 hPa surface between locations in peripheral 
and interior regions of the IP are determined along the coastal boundaries of the IP 
(criterion (v) in Hoinka and Castro [2003]). Additionally, the minimum height of the 
925 hPa surface must be located above the IP (criterion (iii)). The averaged 
differences (z*) form the considered time series. The averaged height difference at 18 
UTC (z18*) is most prominent for the thermal low’s occurrence because at this time 
occurs the daily minimum surface pressure in the IP’s center.  
The series with Iberian thermal low occurrence were taken from Hoinka et al. [2007b] 
containing objectively determined occurrence of the Iberian thermal low based on 
ERA40 data. Figure 2.5 shows that in summer more than 50 % of all days are thermal 
low events.  
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Figure 2.5 - Number of days with thermal low, from March to October, between 1980 and 2001, 
by month.  
 
It is a standard method in meteorology to calculate covariance and correlations of 
meteorological fields with parameters or with single station time series [von Storch 
and Zwiers, 1999]. The lagged correlations of atmospheric parameter fields, such as 
temperature, humidity and wind with daily area burned in Portugal were determined. 
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The calculations describe the statistically relevant evolution of atmospheric fields 
associated with wildfires. In particular, it allows determining the pre-event situation as 
well as the development after the fire’s outbreak. 
The ERA40 analysis, thermal low and area burned data series, are used in order to 
determine statistics for the period between 1980 and 2001 by applying the lagged 
covariance method. The period was chosen according to the limits of all data series. 
The evaluated statistics consist of covariance of area burned (AB) in Portugal and grid 
point values of variables from the ERA40. Let C(b,c|τ) denote the covariance of a 
variable c where b leads c with lag τ. For instance, all covariance C(AB,vr |τ) of the 
area burned AB(t) series with the components of the horizontal velocities vector 
v
r
(x,y,z,t) will be used to determine the statistical flow feature associated with strong 
wildfires. Additionally, statistical features for humidity, temperature, geopotential 
height and pressure are determined.  
In Portugal, the wildfire events have duration of a few days only. Correspondingly, the 
area burned autocorrelation decays quickly after lag zero (Figure 2.6). The lags are 
restricted to the interval |τ| ≤ 5 days because the majority of wildfires are short-lived 
and covariance are small for τ beyond 5 days. Figure 2.6 presents the autocorrelation 
functions considering all fires, only area burned above 500 ha, and only area burned 
above 1000 ha.  
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Figure 2.6 - Autocorrelation function for daily area burned C(AB,AB|τ) concerning all data (corr-
0), area burned above 500 ha (corr-500) and area burned above 1000 ha (corr-1000). 
 
To simplify the results, the covariance fields are normalized by the standard deviation 
of the daily area burned (1105 ha) computed from June to September between 1980 
and 2001 allowing the resulting fields to be interpreted in units of the correlated 
meteorological parameters of ERA40. 
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2.3. Results and Discussion 
In this section the obtained results concerning the cross-covariance between the area 
burned in Central Portugal and the weather patterns between 1980 and 2001 are 
presented – Lagged covariance analysis. The thermal low relationship to the area 
burned in Central Portugal is also discussed – Fire activity and thermal low. 
 
2.3.1. Lagged covariance analysis 
In the following the time series of area burned is correlated with pressure, 
geopotential height, temperature, humidity, and wind from the ERA40 data.  
 
Pressure and geopotential height  
Pereira et al. [2005] determined composite fields of the geopotential height of the 
500 hPa and the 850 hPa surfaces. These composite fields consisted of days of highest 
values of area burned in Portugal. At 500 hPa a weak ridge of high pressure was 
determined above the IP associated with an anomaly north of the IP. Other studies 
[e.g. Skinner et al., 2002] have already established significant correlation between the 
500 hPa surface and the area burned in Canada.  
Based on the lagged covariance method the development of the pressure anomaly can 
be studied for different lag times. Figure 2.7 exhibits the evolution of the covariance 
field C(AB,z500|τ) for the geopotential height of the 500 hPa surface (z500). As stated 
before, only days with area burned exceeding 500 ha are considered in the 
correlation.  
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Figure 2.7 – Cross-covariance C(AB,z500|τ) (m) of the normalized area burned (AB) in Central 
Portugal with the height of the 500 hPa surface (z500). The time lag is indicated in each panel. 
 
A positive covariance anomaly appears to the west of the IP at τ=-5 days and moves 
then toward Brittany in France where it arrives at τ=0. The amplitude of the anomaly 
is stronger in advance of the event, reaching more than 80 m  
(τ=-5), than after the event when it decreases more rapidly toward 50 m at τ=+5 (not 
shown). The maximum anomaly occurs at lag equal 0 with more than 130 m. Applying 
a time series of area burned where all wildfires are considered, the evolution is 
comparable but the maximum reaches only 25 m at τ=0. On the other hand for a time 
series where no fires are accepted except those days when the area burned exceeds 
1000 ha, the peak anomaly reaches more than 200 m. This indicates that the 
correlation is stronger for the days with larger area burned.  
The mean sea level pressure field also shows a positive covariance anomaly over the 
Atlantic Ocean (Figure 2.8).  
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Figure 2.8 – Cross-covariance C(AB,mslp|τ) (hPa) of the normalized area burned in Central 
Portugal with the mean sea level pressure (mslp). The time lag is indicated. Negative covariance 
is shaded. 
 
Comparing Figure 2.7 and Figure 2.8 it is interesting to note an increase with height in 
the positive covariance anomaly. At the surface the pressure maximum anomaly 
results to 6.7 hPa whereas at 500 hPa this increases to 9.2 hPa which is equivalent to 
the maximum height of 135 m. With increasing lag time a negative cross-covariance 
anomaly develops stretching from the southern Atlantic toward the southwestern edge 
of the IP. This negative anomaly reaches its maximum between τ=1 and τ=2 and then 
it falls back toward the Atlantic Ocean. The isolines of pressure are squeezed between 
the northerly positive and the southerly negative covariance anomaly over the western 
IP coast, particularly over northern Portugal and Galicia, Spain. This leads to an 
enhanced ageostrophic flow that may represent an important feature for forest fires 
spreading. 
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Temperature and humidity  
Figure 2.9 shows the covariance field C(AB,T|τ) of the area burned with the mean 
daily 10 m temperature. Viegas et al. [2006] pointed that large wildfires events are 
preceded by several days with meteorological conditions of enhanced fire weather risk. 
This is clearly reflected in the covariance fields of temperature and specific humidity. 
At lag=-5 days there is already a strong signal of high temperature of up to 4 K. This 
increases further up to 7 K at τ=0 and decreases rapidly after the event. The 
comparison of τ=-5 with τ=+5 fields shows that in advance of the event a strong 
temperature configuration is apparent. At τ=0 the temperature anomaly is 
concentrated on locations in Central Portugal and the Spanish Extremadura region. 
Considering the 18 UTC fields, instead of the daily averages, the peak value at τ=0 
increases up to 8 K (not shown). However, the general pattern remains the same. 
 
 
Figure 2.9 – Cross-covariance C(AB,T|τ) (K) of the normalized area burned in Central Portugal 
with the daily mean temperature (T). The time lag is indicated.  
 
The surface humidity and the humidity content of the overlying air are key parameters 
for wildfires [Viegas et al., 1992]. Figure 2.10 shows the covariance field C(AB,q|τ) of 
the area burned with the atmospheric specific humidity (q) at 18 UTC. The peak 
negative covariance anomaly appears already one day before the event. This indicates 
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that before the event the humidity is very low. After τ=0 the anomaly disappears 
rapidly. 
 
 
Figure 2.10 - Cross-covariance C(AB,q|τ) (g kg-1) of the normalized area burned in Central 
Portugal with the specific humidity (q) at 18 UTC. The time lag is indicated. Units in g kg-1; 
increment of isolines is 0.5 g kg-1; Negative covariance are shaded. 
 
Wind 
In Figure 2.11 the wind is given at 10 m agl, 1000 m agl and at 850 hPa for various 
lags. At 10 m the wind apparently follows the coastline at the western and southern 
edge of the peninsula. The ageostrophic wind exists due to the strong surface pressure 
gradients as apparent in Figure 2.8. Above Portugal at τ=-2 the flow comes from the 
north. At τ=0 the wind turns to northeast and southeasterlies and at τ=+2 the 
southeasterly flow dominates. This feature becomes much more evident at 1000 m agl 
with an easterly flow at τ=0 and southeasterlies at τ=+2. This pattern strengthens at 
the 850 hPa surface and the effect of flowing-around the IP is weakly visible at τ=+2. 
At lower levels this flow-around effect is much more evident where particularly the 
eastern and southern edge of the peninsula seems to ’force’ the flow. 
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Figure 2.11 - Cross-covariance C(AB,v
r
|τ) (m s-1) of the normalized area burned in Central 
Portugal with the wind at 10 m agl, 1000 agl and at the 850 hPa surface pressure. The time lag 
is indicated. The arrows in the lower left corner indicate 2.5 m s-1. 
 
The calculations indicate the most probable statistical wind structure during the 
occurrence of large forest fires in Portugal, also confirming the experience of fire-
fighters that report East wind dominance when large forest fires occur. 
A final corrobation of the covariance fields of wind (Figure 2.11) comes from surface 
wind measurements taken at Castelo Branco between 1985 and 1995, at 12 UTC 
(Figure 2.12). The figure shows wind direction frequencies summarized over sectors of 
22.5º. The location of Castelo Branco is marked by a red spot in the lower left hand 
panel of Figure 2.11. For days without wildfires (a) about 50 % of the wind comes 
predominantly from the westerly sector (SW-NW). Apparently, the situation is quite 
different during wildfires (b,c). The most prominent sectors where the wind comes 
from are the eastern and the southern, both with a frequency of 13-14 %.  
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Figure 2.12 – Wind rose for Castelo Branco between 1985 and 1995 at 12 UTC, from June to 
September for a) days with no fire, b) days with area burned higher 500 ha and c) days with 
area burned higher than 1000 ha.  
 
2.3.2. Fire activity and thermal low  
Thermal lows are classified as one of the important weather types in the Iberian 
summer climatology [Hoinka et al., 2007b]. Besides the extended Azores ridge of high 
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pressure, Ramos and Ventura [1992] identified an elongated thermal low pressure 
extending from the Sahara as a synoptic pattern in which fire risk was found to be 
extreme. The occurrence of an Iberian thermal low is strongly related to its Saharian 
counterpart. 
A correlation based on monthly averaged area burned and monthly number of Iberian 
thermal low days shows that the area burned is highly correlated to the number of 
thermal low days as well as to the average monthly z18* and maximum z18*. At a 95% 
confidence interval, statistical significant Spearman correlations were obtained 
between the monthly area burned and mean monthly z18* (r=0.49) and the monthly 
number of thermal low days (r=0.57). The obtained correlations are positive and 
significant indicating that a relationship exists between thermal low conditions and fire 
activity in Portugal.  
Table 2.1 shows wildfire statistics with those of thermal lows [from Hoinka et al., 
2007b] for all summers (JJAS) between 1980 and 2001.  
 
Table 2.1 – Fire activity statistics for Central Portugal and Iberian thermal lows, from June to 
September, between 1980 and 2001. 
Data  
Sample 
days 
Fire 
events 
(%) 
 
Mean area 
burned  
(ha) 
σ  
(ha) 
Z18*  
(m) 
full period  2684 100 392 1105 7.5 
 AB≠0 2404 99.9 438 1159 7.8 
 AB≥500 449 37.8 1949 2083 8.1 
thermal low  1328 52.8 392 956 10.5 
 AB≠0 1249 52.8 417 982 10.5 
 AB≥500 239 19.3 1767 1653 10.4 
no thermal low  1356 47.2 393 1233 4.6 
 AB≠0 1155 47.1 461 1325 4.9 
 AB≥500 210 18.5 2155 2470 5.6 
 
The entire period consists of 2684 days, which includes 1328 days with a thermal low 
over the IP. For the chosen period, the averaged area burned is 392 ha (σ=1105 ha), 
the same amount results for thermal low days (σ=956 ha) and 393 ha (σ=1233 ha) 
for days without a thermal low. This weak difference can be explained by the fact that 
the usual summertime day condition is close to thermal low conditions. Table 2.1 
presents, for the entire data sample, a weak increase of z18* with increasing area 
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burned. On the other hand, the differences on the z18* between days with and without 
thermal low are strong: 10.4 m vs. 5.6 m for area burned greater than 500 ha. But in 
contrary, the averaged area burned is lower (1767 ha) for the thermal low days 
sample than for the non-thermal low days one (2155 ha). A further statistical feature 
is given in Figure 2.13. It shows the cross-covariance function between the area 
burned and the occurrence of thermal low (z18*) indicating that the peak amount of 
area burned happens up to three days after the appearance of an Iberian thermal low. 
This lagging suggests that a comparison of averaged values on Table 2.1 could not 
show significant differences between both events. The lagging also suggests that the 
existing surface easterly flow in advance of wildfires might transport heated and dry 
air from the Iberian Peninsula’s center towards Central Portugal, supporting favourable 
wildfire conditions in this region. 
 
 
Figure 2.13 - Cross-covariance C(AB, z18
*|τ) (hPa) as a function of time lag. 
 
Figure 2.14 presents the wind rose for Castelo Branco for days with and without 
thermal low. As can be seen for the days with no heated low and no forest fires (a) 
the main flow is from west. On the other hand, for the days with area burned above 
500 ha and no heated low (b) the easterly flow is dominant. For the days with heated 
low and area burned over 500 ha (c) the highest wind frequency comes from south.  
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Figure 2.14 - Wind rose for Castelo Branco at 12 UTC between 1985 and 1995, from June to 
September for a) days with no fire and no heated low, b) days with area burned higher 500 ha 
and no heated low and c) days with area burned higher than 500 ha and heated low. 
 
In a changing climate and according to Hoinka et al. [2007b] the Iberian thermal lows 
tend to strength by decreasing the central Iberian surface pressure from 1012.2 to 
1010.5 hPa and increasing its variability by about 7 % in magnitude. Additionally, it is 
also projected an increase of about 60 % in the number of thermal low days.  
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The increase in the frequency of thermal low days is closely connected to an increase 
on the dry spells duration what may deeply impact fire weather risk over the Iberian 
Peninsula especially over Portugal. 
 
2.4. Summary and conclusions 
Atmospheric conditions determine the spread of a fire and in turn the extension of 
area burned. In this chapter regional scale atmospheric fields were correlated to 
summertime wildfire in Central Portugal. In order to study this relationship, the typical 
structural evolution of the atmospheric field patterns in a wildfire event was 
investigated by lagged covariance. The daily area burned in Central Portugal was 
chosen as the parameter to be correlated with atmospheric fields provided by the 
ERA40 data. The used time series consists of daily area burned higher than 500 ha. 
Lagged covariance was determined for the period 1980 to 2001.  
It is know that during summer in the lower troposphere, the thermal low is the 
dominant atmospheric pattern over the Iberian Peninsula. This surface-based 
depression is notable up to 925 hPa. The mean summertime conditions of temperature 
and humidity are favourable for the ignition and spreading of wildfires. In this sense, a 
monthly correlation analysis was performed in order to assess the influence of the 
number of days with thermal low in the monthly area burned.  
The analysis of the lagged covariance revealed that five days in advance of a fire 
event a strong positive anomaly exists in the surface pressure field at 500 hPa 
appearing to the west of the Iberian Peninsula. In advance of fire events the flow in 
the lowest 1000 m above ground comes from the north, turning to easterlies at lag 
time zero and finally coming from the southeast during the post-event phase. Surface 
wind statistics taken at Castelo Branco support these results. Up to five days in 
advance of the event, the temperature shows high values above Central Portugal and 
the Spanish Extremadura region. The temperature reaches its maximum at lag zero 
and decreases rapidly after the event. A similar behaviour is shown by the specific 
humidity near the surface with low magnitudes in advance, minimum at lag zero and 
rapid increase after the event. 
The statistics of Iberian thermal lows indicate a frequency of about 50 % during 
summertime. Cross-covariance regression between Iberian thermal low and area 
burned showed that the peak amount of area burned occurs up to three days after the 
appearance of a thermal low. This suggests that in the pre-phase of a wildfire heated 
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air is transported from the peninsula’s centre toward Portugal. The monthly analysis 
confirms that there is a significant correlation between the monthly area burned in 
Central Portugal and the number of days with thermal low conditions. 
The climatic changes which are developing on a global scale, will significantly influence 
the intensity of wildfires and consequently the area burned, in many parts of the 
world. Model calculations indicate that the subtropical Mediterranean climate will be 
shifted to a climate strengthened in its subtropical character, at least in the 
southernmost Mediterranean region as pointed out by Hoinka et al. [2007b]. In this 
sense, in a changing climate the increase of frequency of the regional weather 
patterns mostly related to forest fires in Portugal may have important consequences at 
all environmental, social and economic levels. 
As stated, in this study the temporal and spatial evolution of the regional weather 
patterns most related to wildfires were discussed. In the next chapter the surface 
meteorological conditions that may explain the forest fire activity in Portugal are 
analysed.  
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3
3.1. Introduction 
re activity over 
Portugal. In this chapter this relationship will be further investigated. 
[Viegas and Viegas, 1994; Vásquez and Moreno, 1995; Pyne et al., 1996; Skinner et 
erally 
correspond to increased area burned but not necessarily to higher fire starts.  
al., 1983; Flannigan and Harrington, 1988; Viegas et al., 1992; Viegas and Viegas, 
.  Fire activity in Portugal: 
relationship to the weather 
and the FWI system  
 
The previous chapter identified the most relevant atmospheric patterns related to the 
occurrence of fire events in Central Portugal. The achieved results point to the 
important role of the meteorological parameters in the forest fi
Weather and climate play a crucial role in determining the fire regime of an area 
al., 1999; Kunkel, 2001; Viegas et al., 2001; Viegas et al., 2004; Pereira et al., 2005]. 
The fire regime in return is very sensitive to changes in climate [Piñol et al., 1998; 
Pausas, 2004]. Higher temperatures and lower relative humidity conditions gen
Weather determines fuel moisture, influences lightning ignitions, and contributes to 
fire growth through wind action. However, the long term average of area burned over 
a landscape is determined by a complex set of variables including the size of the 
sample area, topography, fragmentation of the landscape (rivers, lakes, roads, 
agricultural land), fuel characteristics, season, latitude, fire suppression policies and 
priorities, fire site accessibility, ignitions (people and lightning), and simultaneous 
fires, as well as the weather [Flannigan et al., 2005a]. Worldwide, important 
relationships between weather and forest fires have been established [Harrington et 
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1994]. In Canada, weather/climate has been pointed as the most important natural 
factor influencing forest fires [Stocks and Street, 1983; Flannigan and Wotton, 2001; 
son, namely in June, has a marked 
Viegas et al. [2004] discussed the interannual variability of the area burned. The 
Hely et al., 2001].  
Although some important work has been done on this topic, in southern Europe the 
relationship between forest fires and weather conditions still needs further 
investigation. Over the West and East coast of the Iberian Peninsula some studies 
have already discussed this relationship. Pausas [2004] analysed the link between 
forest fire occurrence and climatic variables in the Valencia region of Spain and 
concluded that summer rainfall is an important factor for determining the amount of 
area burned in that region. The author also concluded that although fire ignitions may 
be determined by human factors, some of the variability in the annual area burned is 
explained by climatic parameters. Piñol et al. [1998] concluded that, in northeast 
Spain, a significant relationship exists between the number of very high fire risk days 
and the number of forest fires and area burned. Additionally, the authors pointed out 
that the number of forest fires and area burned increased from 1968 to 1994 due to a 
changing climate namely in what concerns an increase in temperature and aridity. In 
Portugal, Viegas et al. [1992] and Viegas and Viegas [1994] established a clear 
dependency of area burned and forest fire occurrence on weather variables. Analysis 
of the annual area burned in Portugal from 1975 to 1992 and precipitation amounts 
registered in Coimbra [Viegas and Viegas, 1994] indicated an exponential law relation 
(r2=0.503) between annual area burned in Portugal and the total rainfall at the 
Coimbra meteorological station from May to September. The authors also stressed 
that the rainfall in the beginning of the fire sea
importance in the reduction of the area burned.  
The use of fire rating systems is a widespread methodology to assess fire danger over 
a specific region of the globe. Viegas et al. [1999] pointed out that the Canadian Fire 
Weather Index (FWI) System is one of the most adequate fire risk assessment tools 
for southern European countries namely for Portugal. The FWI System is applied since 
1998 by the national authorities to forecast the fire risk over Portugal. Viegas et al. 
[2004] described a methodology for calibrating the fire danger based on the daily FWI 
index, number of fires and area burned for each district of Portugal, which was applied 
for the summer period, between June and September, from 1988 to 1996. The 
analysis of the number of fires, area burned, and the FWI for each district showed that 
the range of variation of each of these parameters differed from district to district, 
which explains the necessity of a specific scale of risk for each parameter. In addition, 
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drought code (DC) component of the FWI System was correlated to the annual area 
burned and significant relationships were established. 
For this study, an updated statistical analysis is performed in order to consider the 
most recent forest fire data that were not considered in the previous studies. In this 
chapter, the main objective is to perform a spatial/temporal analysis of the area 
burned and the number of fires in Portugal, at the district level, based on the historical 
datasets from 1980 to 2004. In the subsequent chapters, these relationships will be 
used to predict the area burned and the number of fire starts, in Portugal, under 
future climate change scenario. 
 
3.2. Data and Methods 
This section describes the Portuguese characteristics relevant for this analysis 
understanding – Study area description. The forest fire statistics between 1980 and 
2004 are discussed in Forest fire database. The compiled meteorological variables and 
the selected stations are presented under the Meteorological data topic. Finally, the 
Canadian Fire Weather Index (FWI) System is briefly described.  
 
3.2.1. Study area description 
Forested lands in Portugal occupy 5.4 millions of hectares and represent two-thirds of 
Portugal’s surface area [DGRF, 2006a]. Eleven percent of the Portuguese territory is 
occupied by Maritime Pine stands or lands (Pinus pinaster), followed by Eucalypt 
(Eucalyptus globulus) (8 %) and Cork Oak (Quercus suber) (8 %). The Holm Oak 
(Quercus rotundifolia) represents 5 %, and the oak tree (Quercus faginea) and Stone 
Pine (Pinus pinea) exhibit 1 % each. Figure 3.1 shows the Portuguese districts 
identification and the dominant forest types. Maritime Pine is mostly common in the 
Castelo Branco, Coimbra, Leiria and Viseu districts. Castelo Branco, Aveiro and 
Santarém districts have higher forest lands of Eucalypt. On the other hand, the 
southern districts of Évora, Portalegre, Santarém and Setúbal have the majority of the 
Cork Oak in Portugal. The oak tree is most common in the northern districts of Vila 
Real, Bragança, and Guarda. 
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Figure 3.1 – Location of Portugal in the Iberian Peninsula, Portuguese districts identification and 
dominant forest types as a percentage of district area. 
 
The Portuguese population is mainly concentrated in the urban and sub-urban areas of 
the coastal regions. The north region contains 35 % of the population, the Lisbon area 
26 % and the central part 23 %. The remaining Portuguese regions have occupation 
levels below 8 % [INE, 2003]. This represents a considerable population asymmetry 
that certainly influences forest fire ignitions and spreading. 
Some aspects of the property regime in the north and centre of Portugal, namely the 
high number of land owners (most of them unknown) and the absence of adequate 
property records, have important negative consequences concerning forest 
management. An increase of population within the forested lands greatly enhances the 
forest fire risk and, consequently, the destruction of goods and human lives and 
creates difficulties for the fire fighting operations. Land abandonment, due mainly to 
the aging of the land owners, also creates difficulties in the management of forested 
properties, leading to an increase in the fuel load and consequently in forest fire risk. 
In the southern part of the country the districts of Beja, Évora and Portalegre have a 
different demographic pattern. The populations are more concentrated and not spread 
among the forested areas, additionally the dominant forest types are resistant to 
forest fires. These are the regions of Portugal which reach the highest temperatures 
during the summer period and have lower precipitation rates throughout the year.  
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3.2.2. Forest fire database 
The forest fire database for Portugal used in this study comprises the period between 
1980 and 2004. The data were provided by the Direcção Geral dos Recursos Florestais 
– DGRF (General Directorate of Forestry Resources). This database constitutes the 
national component of the European Forest Fire Information System (EFFIS) created 
by the European Commission in 1994. The Commission Regulation (EC) 804/94 (now 
expired) established a Community system of information on forest fires for which a 
systematic collection of a minimum set of data on each fire occurring, the so-called 
“Common Core”, had to be carried out by the Member States participating in the 
system. According to the currently in force Forest Focus, Regulation (EC) 2152/2003, 
concerning monitoring of forests and environment interactions in the community, the 
forest fire common core data should continue to be recorded and notified in order to 
collect comparable information on forest fires at the Community level. 
At national level, the recorded information includes daily area burned and daily 
number of fires per district, among other variables. From 1980 to 2004, the dataset 
record illustrates a total of 2.7x106 ha of area burned, approximately 30 % of 
Portugal’s total area, and 430,000 of forest fire occurrences. The DGRF database is 
based on in situ information provided by the Ministry of Agriculture and the National 
Civil Protection Service. Since 1990, the annual area burned is mapped based on 
satellite information.  
Simple statistics for forest fire activity in Portugal were performed in order to better 
understand its main characteristics in terms of spatial and temporal distribution. 
Figure 3.2 represents the annual area burned and number of fires between 1980 and 
2004. The maximum number of annual forest fires occurred in 1995, 1998, and 2000, 
that surpassed 30,000 occurrences. In terms of area burned the year of 2003 reached 
the highest value ever registered – 430,000 ha. It is interesting to observe that 
between 1980 and 2000 the annual number of forest fires regist an increase from year 
to year except in some specific years. In addition to this and according to the 
Portuguese Meteorological Institute since 1974 there is a clear increase in the average 
temperature values above Portugal. The years of 1995, 1997, 1998 and from 2000 to 
2006 present higher average temperatures than the normal. From 1995 to 2000 the 
number of forest fires register a clear increase, although since 2001 they tend to 
remain almost constant.  
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Figure 3.2 - Annual area burned (bars) and number of fires (square points) in Portugal between 
1980 and 2004. 
 
Figure 3.3 shows the monthly and the district distribution of the area burned and the 
number of fires between 1980 and 2004. The number of fire occurrences in the 
months of June (8 %), July (22 %), August (32 %), and September (20 %) represent 
82 % of the yearly total (Figure 3.3a). The area burned peak is observed in August 
accounting for 45 % of the yearly total (Figure 3.3a) with the districts of Guarda, 
Castelo Branco, Viseu, and Coimbra presenting the highest area burned values in 
Portugal (Figure 3.3b). According to the National Plan for Forest Fires Prevention, the 
ignitions peak occurs along the weekend, and especially during the afternoon, 
denoting an important human influence on fire starts [APIF, 2005]. 
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b) 
Figure 3.3 - Area burned (black) and number of fires (grey) a) by month and b) by Portuguese 
district, between 1980 and 2004. 
 
The annual number of forest fires is higher in the most urban and sub-urban districts 
(Aveiro, Braga, Lisboa, Porto, Viana do Castelo, and Setúbal) (Figure 3.3b). In terms 
of forest fire occurrences, the Porto district (urban/sub-urban region) represents the 
highest percentage of fire occurrences in the last 25 years reaching almost 22 % of 
the total. Additionally, the Guarda district (rural region) accounts for almost 18 % of 
the area burned in Portugal, followed by Castelo Branco with 11 % (Figure 3.4). 
 
   37 
Fire activity in Portugal: relationship to the weather and the FWI system  
0%
5%
10%
15%
20%
25%
A
v
e
ir
o
B
e
ja
B
ra
g
a
B
ra
g
a
n
ça
C
a
st
e
lo
B
ra
n
co
C
o
im
b
ra
É
v
o
ra
Fa
ro
G
u
a
rd
a
Le
ir
ia
Li
sb
o
a
P
o
rt
a
le
g
re
P
o
rt
o
S
a
n
ta
ré
m
S
e
tú
b
a
l
V
ia
n
a
 d
o
C
a
st
e
lo
V
ila
 R
e
a
l
V
is
e
u
Number of fires Area burned
 
Figure 3.4 - Percentage of area burned and number of fires, for the period 1980-2004, by 
Portuguese district.  
 
An analysis performed for the period between 1993 and 2003 revealed that 97 % of 
the forest fire ignitions were due to human influence with 37 % to arson, 28 % to 
negligence, and 32 % to unknown causes [APIF, 2005]. Arson is mainly related to 
fraud, hunting conflicts, and building construction interests, and is most notorious in 
the northern part of the country especially in the coastal regions. Negligence is the 
most important cause in the south mainly due to clearance activities. In the southern 
districts of Beja, Évora, and Portalegre the principal cause of negligence is related to 
agricultural machinery use. Specific regional characteristics are also responsible for 
forest fires starts such as fireworks activity in the northern districts of the country 
[APIF, 2005]. Portugal, like the majority of the southern European countries, has 
fewer forest fires due to natural causes because phenomena such as lightning have a 
low frequency of occurrence during the summer period. 
 
3.2.3. Meteorological data 
Data for daily maximum temperature, daily mean temperature, relative humidity, wind 
speed, and total rainfall from 1980 to 2004 were compiled. Twelve stations were 
analyzed over Portugal covering the majority of the territory except the northwest 
region for which there were no available data. Table 3.1 presents the considered 
stations and their principal characteristics. 
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Table 3.1 – Main characteristics of the meteorological stations considered in this study. 
Station name 
Latitude  
(deg N) 
Longitude 
(deg W) 
Altitude 
(m) 
Starting 
date 
Ending 
date 
# years  
Bragança 41.80 6.73 690 Jan 80 Dec 04 25 
Vila Real 41.27 7.72 561 Jan 80 Dec 04 25 
Porto 41.23 8.68 70 Jan 80 Dec 04 25 
Viseu 40.67 7.90 443 May 82 Oct 04 23 
Coimbra 40.15 8.47 171 Jan 80 Dec 04 25 
Castelo Branco 39.83 7.48 386 May 85 Dec 04 19.5 
Portalegre 39.28 7.42 597 Jan 80 Dec 04 25 
Santarém 39.25 8.70 54 Jan 80 Dec 94 15 
Lisboa 38.72 9.15 77 Jan 80 Dec 04 25 
Évora 38.57 7.90 309 Jan 80 Dec 04 25 
Beja 38.02 7.87 246 Jan 80 Dec 04 25 
Faro 37.02 7.97 8 Jan 80 Dec 04 25 
 
Some of the studied stations were lacking data for the full period under analysis 
(Santarém, Castelo Branco, and Viseu). From 1980 until the end of 2004, Viseu 
station only presented data from May to October. The majority of the meteorological 
data were supplied by the Portuguese Meteorological Institute (maximum 
temperature, dry bulb temperature, wet bulb temperature, rainfall, and wind speed). 
Some stations were missing data for short periods and these were filled using the 
National Climatic Data Centre (NCDC) database [NCDC, 2006]. 
 
3.2.4.  The Canadian Fire Weather Index (FWI) System 
The Canadian Forest Fire Weather Index (FWI) System is a system that monitors 
forest fire risk and supplies information to support fire management. The components 
of the FWI System can be used to predict fire behaviour and can be used as a guide to 
policy-makers in developing actions to protect life, property and the environment. 
The FWI system was developed for Canadian forests but has also been applied in other 
countries and environments such as Mexico, southeast Asia, Florida and Argentina 
[Moriondo et al., 2006]. For the Mediterranean basin, several studies showed that the 
FWI system and its components were well suited to the estimation of fire risk for the 
region [Viegas et al., 1999]. Moreover, the FWI is currently the fire risk index used by 
the Joint Research Centre (JRC) to map fire risk at the European Union level [JRC, 
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2006]. The success of this system is due both to the simplicity of its calculation 
procedures and to the simulation of the moisture of a generalized fuel type, which has 
been successfully applied to model fire potential in a broad range of fuel types [Van 
Wagner, 1987]. 
The FWI System is a weather-based system that models fuel moisture using a 
dynamic approach that tracks the drying and wetting of distinct fuel layers in the 
forest floor [Van Wagner, 1987]. The FWI is based on the moisture content of three 
classes of forest fuel plus the effect of the wind on fire behaviour. The FWI System 
comprises six components. The first three are fuel moisture codes that follow daily 
changes in the moisture content of three classes of forest fuel with different drying 
rates. The last three components are fire behaviour indexes representing rate of 
spread, fuel weight consumed, and fire intensity. Their values rise as the fire danger 
increases. The system only depends on weather variables. The 12 Local Standard Time 
(LST) observations of temperature, relative humidity, wind speed, and 24-h 
precipitation are the inputs required to calculate the components of the FWI System. 
Figure 3.5 presents the FWI flowchart. 
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Temperature
Relative humidity
Wind speed
Precipitation
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Temperature
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Precipitation
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fire weather index
 
Figure 3.5 – Canadian Fire Weather Index (FWI) System components  
[adapted from Van Wagner, 1987]. 
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As described, there are three moisture codes that represent the moisture content of 
fine fuels (fine fuel moisture code, FFMC), loosely compacted organic material (duff 
moisture code, DMC), and a deep layer of compact organic material (drought code, 
DC). They are arranged in code form with values rising as moisture content decreases. 
? FFMC – represents the moisture content of litter and other fine fuels. Indicates 
the relative ease of ignition and flammability of fine fuels. Thus, can be used as 
an indicator of ignition potential or the potential for fires to start and spread in 
the area 
? DMC – is a numeric rating of the average moisture content of loosely 
compacted organic layers of moderate depth. This code gives an indication of 
fuel consumption in moderate duff layers and medium-size woody material. 
? DC – indicates the moisture content of a deep layer of compact organic matter. 
This code is a useful indicator of seasonal drought effects on forest fuels and 
the amount of smoldering in deep duff layers. It can also be used as an 
indicator of difficulty in extinguishing deep burning fires.  
These moisture indexes are combined to create a generalized index of the availability 
of fuel for consumption (build up index, BUI). The FFMC is combined with wind speed 
to estimate the potential spread rate of a fire (initial spread index, ISI). 
? BUI – is a numeric rating of the total amount of fuel available for combustion. 
It combines the DMC and the DC.  
? ISI – is a numeric rating of the expected rate of fire spread. It combines the 
effects of wind and the FFMC on rate of spread without the influence of variable 
quantities of fuel.  
The BUI and ISI are combined to create the FWI which is an estimate of the potential 
intensity of a spreading fire. The daily severity rating (DSR) is a simple exponential 
function of the FWI intended to increase the weight of higher values of FWI in order to 
compensate for the exponential increase in area burned with fire diameter [Williams, 
1959; Van Wagner, 1970].  
? FWI – is a numeric rating of fire intensity. It combines the ISI and the BUI. It is 
suitable as a general index of fire danger throughout the forested areas. 
Indicates the difficulty of fire control based on the head fire intensity and fire 
fighting capability.  
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? DSR – is a numeric rating of the difficulty of controling fires. It is based on the 
Fire Weather Index but more accurately reflects the expected efforts required 
for fire suppression. 
A very important issue is the calibration of the FWI System for other regions than 
Canada. Viegas et al. [2004] conducted the calibration of the FWI component for 
Portugal based on the daily area burned and daily number of fires registered in each 
Portuguese district. Table 3.2 shows the FWI limit values and the corresponding fire 
danger classes for each district. 
 
Table 3.2 – FWI limit values for the fire danger classes by Portuguese district  
[Viegas et al., 2004]. 
Danger classes 
Districts 
Low Moderate High Very High Extreme 
Viana do Castelo <10 15 30 45 >45 
Braga <10 15 30 50 >50 
Porto <8 15 25 40 >40 
Vila Real <13 20 30 50 >50 
Bragança <23 30 45 55 >55 
Aveiro <10 17 23 40 >40 
Viseu <15 25 45 70 >70 
Guarda <8 15 25 50 >50 
Coimbra <15 22 30 45 >45 
Leiria <15 25 30 50 >50 
Castelo Branco <20 35 45 60 >60 
Lisboa <25 35 50 70 >70 
Santarém <25 33 50 60 >60 
Setúbal <30 40 55 70 >70 
Portalegre <35 50 65 75 >75 
Évora <40 50 65 75 >75 
Beja <40 50 65 75 >75 
Faro <30 40 60 75 >75 
 
For the purposes of this study, the FWI System components were computed using 
daily mean values of temperature, relative humidity, wind, and daily total 
precipitation. In order to evaluate the relationship between daily mean and noon 
values, the FWI index was computed at 12 LST and on a daily average basis for 
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Coimbra and Portalegre stations (stations for which noon weather data were 
available). Coimbra and Portalegre stations presented a Pearson coefficient above 0.93 
(p<0.0001), with a negative bias between the daily mean FWI and the FWI computed 
at noon of -3.5 and -2.4, respectively, indicating a slight underestimation. Based on 
these relationships, it was concluded that the mean daily values were suitable to be 
applied in this study.  
The Statistical Analysis System (SAS) version 9.1.3 [SAS, 2004] was used for the FWI 
System components estimation and for all the statistical analyses carried out. All the 
analyses were performed at a 0.05 significance level. Averages of the meteorological 
variables and the FWI System components were calculated for monthly and seasonal 
(May 1st to October 30th) periods. Extremes of the variables (maximum and 90th 
percentile) were also calculated because the majority of the area burned occurs during 
extreme fire weather conditions [Pereira et al., 2005].  
The natural logarithm of the area burned (ha) and the natural logarithm of the number 
of fires were used to normalize, respectively, the area burned and the number of fires, 
because the raw data distribution is non-normal. A unit was added to the observed 
area burned and to the number of fires in order to avoid the zero values in the 
logarithmic calculation. A correlation matrix was constructed for each district and for 
each period (daily, monthly, and seasonal) with the natural logarithm of area burned 
and the natural logarithm of the number of fires considering the variables listed in 
Table 3.3. All variables listed in Table 3.3 were then introduced in the forward 
stepwise regression [Wilks, 1996] and the terms were accepted only if they met the 
0.05 significance level. 
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Table 3.3 - Meteorological and FWI System variables. 
FFMC Mean fine fuel moisture code 
FFMCX Maximum fine fuel moisture code 
FFMCP90 90th percentile of fine fuel moisture code 
DC Mean drought code 
DCX Maximum drought code 
DCP90 90th percentile of drought code 
DMC Mean duff moisture code 
DMCX Maximum duff moisture code 
DMCP90 90th percentile of duff moisture code 
BUI Mean build up index 
BUIX Maximum build up index 
BUIP90 90th percentile of build up index 
ISI Mean initial spread index 
ISIX Maximum initial spread index 
ISIP90 90th percentile of initial spread index 
FWI Mean fire weather index 
FWIX Maximum fire weather index 
FWIP90 90th percentile of fire weather index 
DSR Mean daily severity ratio 
DSRX Maximum daily severity ratio 
DSRP90 90th percentile of daily severity ratio 
TX Mean of maximum daily temperatures (°C) 
TXX Maximum of maximum daily temperatures (°C) 
TXP90 90th percentile of of maximum daily temperatures (°C) 
TPREC Total precipitation (mm) 
 
3.3. Results and Discussion 
In this section the statistical analysis between the forest fire activity, the weather data 
and the FWI System components from 1980 to 2004 is presented and discussed – 
Statistical analysis. Moreover, the obtained statistical models were applied to the year 
2005 in order to evaluate their performance in the prediction of the area burned and 
the number of fires – Validation procedure. 
 
3.3.1. Statistical analysis 
Daily, monthly, and seasonal (May 1st to October 30th) analysis were performed in 
order to assess the best temporal resolution for the regression analysis. Pearson 
correlation coefficients (r) were computed for the different temporal resolutions and 
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the obtained results are presented in Appendix A. The correlation procedure 
established that the best results were obtained on a monthly basis compared to daily 
and seasonal periods (Appendix A). Table 3.4 and Table 3.5 present the results from 
the forward stepwise regression of the monthly area burned and the monthly number 
of fires for the twelve districts across Portugal. All the variables listed in Table 3.3 
were available for the stepwise regression but only the significant ones were kept. The 
selected significant variables are arranged by order of importance. The analyzed 
districts shown in Table 3.4 and Table 3.5 are organized from north to south. The 
averages and extremes of the DC, BUI, DMC, FWI, DSR, and FFMC components, and 
the temperature and the relative humidity were the selected significant variables by 
the stepwise regression, depending on the district. Mean or maximum temperature 
was selected by all districts in the north and central regions except Vila Real and 
Santarém. For the southern districts of Évora and Beja, the FWI index was selected as 
the best predictor for area burned. The FWI was also selected for almost all the 
districts except Bragança, Porto and Faro. For the number of fires the mean and 
maximum temperature is the first order selection by almost all districts except Vila 
Real, Portalegre, Santarém, and Évora. 
 
Table 3.4 - District monthly area burned explained variance (r2) and variables selected, in order 
of importance, by forward stepwise regression. 
District Significant variables 
Explained 
variance (%) 
N p 
Bragança TX, DC, BUI 63.3 300 <0.0001 
Vila Real FWIP90, FFMC, DC, RH 67.9 300 <0.0001 
Porto DMCX, TXX, FFMC 65.4 300 <0.0001 
Viseu DCX, FFMC, FWIX, TXX 80.4 138 <0.0001 
Coimbra FWI, TXX, DC 72.6 300 <0.0001 
Castelo Branco FWIP90, BUI, TX 75.6 236 <0.0001 
Portalegre FWI, TXX 45.6 300 <0.0001 
Santarém FWI, DSRX 78.5 180 <0.0001 
Lisboa TXX, DC, FWI 68.4 300 <0.0001 
Évora FWI 43.1 300 <0.0001 
Beja FWIP90 57.8 300 <0.0001 
Portalegre, Évora, Beja FWIP90, TX 60.9 300 <0.0001 
Faro DC, DSR, TXP90 69.9 300 <0.0001 
All districts FWIP90, RH, DC  80.4 300 <0.0001 
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Table 3.5 - District monthly number of fires explained variance (r2) and variables selected, in 
order of importance, by forward stepwise regression. 
District Significant variables 
Explained 
variance (%) 
N p 
Bragança TX, DC 53.3 300 <0.0001 
Vila Real BUIP90, FFMCX, DC, 58.3 300 <0.0001 
Porto TXX, RH, DMCX 56.9 300 <0.0001 
Viseu TXX, DCX, FWIX  71.8 138 <0.0001 
Coimbra TXX, FFMC, BUIP90 69.1 300 <0.0001 
Castelo Branco TX, FFMC, BUI 67.7 236 <0.0001 
Portalegre RH, DCX 39.8 300 <0.0001 
Santarém FWI, DCX, FWIP90 77.0 180 <0.0001 
Lisboa TXX, DC 49.1 300 <0.0001 
Évora FWIX, RH 36.5 300 <0.0001 
Beja TX, FWIX 44.5 300 <0.0001 
Portalegre, Évora, Beja TXX, RH, DC 47.9 300 <0.0001 
Faro TX, FFMCP90, DMCP90 56.1 300 <0.0001 
All districts TXX, RH, DCP90 64.7 300 <0.0001 
 
The explained variance ranges from 43.1 % to 80.4 % for the area burned and 
36.5 % to 77.0 % for the number of fires, depending on the district, and all 
regressions are highly significant (p<0.0001). The districts under evaluation 
accounted for 48 % in terms of the total area burned and 56 % for the number of fires 
between 1998 and 2004. In this work, the Guarda district, an important Portuguese 
district in terms of area burned (18 % of the total area burned in Portugal in the last 
25 years), was not considered due to lack of meteorological data for the 1980-2004 
period. In the districts of Évora, Beja, and Portalegre, the area burned accounted for 
17.7 % of the total and the number of fires accounted for 4.8 % of the total. The FWI 
and the temperature were the best predictors for the area burned in these districts.  
According to Table 3.4 and Table 3.5, the significant variables that explained the 
majority of the variance in both area burned and number of fires differ, although most 
of the significant variables could be found in all districts and in both regressions except 
Portalegre. The temperature and the FWI index are selected by almost all districts 
giving an indication on the FWI reliability as a fire rating system in Portugal. In 
addition, the DC index is also present in the majority of the obtained significant 
variables. These results are in agreement with the findings of Viegas et al. [2004].  
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The achieved results point to an interesting north/centre vs. south dichotomy in terms 
of fire weather. For the southern districts fewer significant variables were selected in 
the regression models. These findings may be supported by the different local physical 
conditions that explain this behaviour. The type of forest and shrubland, in addition to 
the population distribution can also explain the forest fire behaviour in the different 
Portuguese regions. All districts in north and central regions exhibited variances above 
60 % and above 50 % for area burned and number of fires, respectively. The highest 
correlation was found in the Viseu district, reaching 80.4 %. Nevertheless, it should be 
noted that the number of values used in the regression model was the lowest among 
all analyzed districts (Table 3.1, pp 39). The highest explained variance for the 
number of fires was in the Santarém district reaching 77 %. Santarém district only 
presents 15 years of meteorological data (Table 3.1). 
Portalegre, Évora and Beja districts exhibit lower explained variance values and also 
present the lowest values of area burned and number of fires. In these districts the 
temperatures can reach very high values (up to 40 ºC) associated with low relative 
humidity but the fuel characteristics like forest density and the physical conditions are 
different from the rest of the country. The typical forest in this part of the country 
(Cork Oak and Holm Oak) is mainly characterized by fire resistant species. In this 
context, it seemed appropriate to group these three districts. According to this new 
analysis the monthly mean of daily maximum temperature (TX) and the FWI 90th 
percentile explained 60.9 % of the area burned (Table 3.4) whereas the monthly 
means of the drought code (DC), and the relative humidity (RH), and the monthly 
maximum of daily maximum temperature (TXX) explained 47.9 % of the number of 
fires (Table 3.5). This group analysis significantly improved the variance explained in 
the area burned and the number of fires in this part of the country. 
For the averaged Portuguese meteorological conditions based on the data from the 
twelve stations, the best predictors for the natural logarithm of area burned were the 
FWI 90th percentile, RH, and the DC, explaining 80.4 % of the variance in the area 
burned. The best predictors for the monthly number of fires were the TXX, the RH and 
the DC 90th percentile which explained 64.7 % of the variance (Table 3.4 and Table 
3.5). It is interesting to note that the RH and the DC variables are selected in both 
regressions giving insight about the importance of the soil and the atmospheric 
humidity in the fire statistics over Portugal.  
Figure 3.6 presents the relationship between the natural logarithm of monthly area 
burned and the natural logarithm of monthly number of fires against the monthly 
mean of daily maximum temperature (TX) for Portugal. Temperature alone explained 
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71 % of the variance in the area burned and 58 % in the number of fires. The 
temperature was not selected in the regression model but by itself, it exhibited a very 
good correlation with the area burned in Portugal.  
Figure 3.6 demonstrates that the relationships were linear for the natural logarithm of 
area burned and the natural logarithm of the number of fires and is representative for 
all analyzed districts. In Figure 3.6, there are some data points with zero area burned 
and zero number of fires despite high temperatures; this may be related to the lack of 
ignitions in those months. It is obvious that notwithstanding very severe fire weather, 
there will be no area burned without an ignition and this might explain part of some of 
the unexplained variance in the obtained regressions [Flannigan et al., 2005a]. 
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Figure 3.6 - (a) Monthly area burned and (b) monthly number of fires versus monthly mean of 
daily maximum temperature (TX) in Portugal, from 1980 to 2004. 
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Figure 3.7 shows a detailed analysis of the relationship between the monthly area 
burned and the FWI 90th percentile in Portugal by decade.  
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c) 
Figure 3.7 - Monthly area burned and monthly 90th percentile of the daily FWI for the (a) 1980s, 
(b) 1990s and for (c) 2000-2004 period, over Portugal.  
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It is possible to find a clear relationship between the area burned and the FWI 90th 
percentile values. It should be noted that the year 2003, namely the month of August, 
represented an extreme event in terms of area burned in Portugal but the obtained 
FWI 90th percentile values did not reflect this fact. When the FWI 90th percentile values 
registered an increase this was accompanied by higher values on the area burned. On 
the other hand, the period 2000-2004 registered a clear increase on the area burned 
compared to the previous decades, although the FWI 90th percentile values did not 
exhibit this enhancement.  
Table 3.6 and Table 3.7 present the regression models obtained for each analyzed 
district and for the average conditions over Portugal. The regressions obtained for the 
region formed by Portalegre, Évora and Beja district are also presented. All the terms 
were accepted at a 0.05 significance level. The obtained regression models constitute 
an adequate tool to diagnose the area burned and the forest fire occurrence in 
Portugal. 
 
Table 3.6 - Regression model selected by stepwise regression for the natural logarithm of 
monthly area burned (TX and TXX in degrees Celsius). 
District 
Regression model  
Ln(ab) 
p 
Bragança BUIDCTX 0104.000232.0206.0803.1 +++−  <0.0001 
Vila Real 900956.000379.00274.00678.0140.5 FWIPDCFFMCRH +++−  <0.0001 
Porto DMCXTXXFFMC 0466.0161.00357.0589.4 +++−  <0.0001 
Viseu FWIXDCXTXXFFMC 0506.000547.0111.00412.0021.4 ++++−  <0.0001 
Coimbra TXXFWIDC 102.0301.000221.0824.1 +++−  <0.0001 
Castelo Branco 900749.000921.0124.0164.1 FWIPBUITX +++−  <0.0001 
Santarém DSRXFWI 174.0209.0161.0 ++  <0.0001 
Lisboa TXXFWIDC 145.00623.000242.0700.2 +++−  <0.0001 
Portalegre/Évora/Beja 900882.0103.0329.1 FWIPTX ++−  <0.0001 
Faro  90134.0392.0000750.0417.2 TXPDSRDC +++−  <0.0001 
All districts 0.00299DC0.156RH00.101FWIP914.628 +−+  <0.0001 
 
 
 
 
 
50   
Fire activity in Portugal: relationship to the weather and the FWI system 
Table 3.7 - Regression model selected by stepwise regression for the natural logarithm of 
monthly number of fires (TX and TXX in degrees Celsius). 
District 
Regression model  
Ln(nf) 
p 
Bragança DCTX 00205.0156.0223.1 ++−  <0.0001 
Vila Real 9000864.00402.000239.00712.0638.3 BUIPFFMCXDCRH +++−  <0.0001 
Porto DMCXTXRH 0347.0206.00919.0273.4 ++−  <0.0001 
Viseu FWIXDCXTXX 0406.000383.0141.0157.2 +++−  <0.0001 
Coimbra 900154.00826.00352.0840.2 BUIPTXXFFMC +++−  <0.0001 
Castelo Branco BUIFFMCTX 00621.00240.0126.0153.2 +++−  <0.0001 
Santarém DCXFWIPFWI 000585.0900525.00987.00443.0 +++  <0.0001 
Lisboa TXXDC 189.000166.0004.3 ++−  <0.0001 
Portalegre/Évora/Beja TXXDCRH 0591.0000950.00436.0751.2 ++−  <0.0001 
Faro 9000494.0900651.0148.0358.7 DMCPFFMCPTX +++−  <0.0001 
All districts 900.00205DCP0.132RH0.0772TXX11.477 +−+  <0.0001 
 
Using the regression equation for the average Portuguese conditions (from Table 3.6) 
the monthly area burned was estimated and plotted against the observed area burned 
(Figure 3.8). It is possible to verify a general trend to underestimate the monthly area 
burned in Portugal using the obtained regression equation. This underestimation is 
due to other factors than the weather and the FWI components, which are responsible 
for the unexplained variance in the area burned data. 
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Figure 3.8 - Natural logarithm of the estimated monthly area burned vs. the natural logarithm of 
the observed monthly area burned, between 1980 and 2004. In red is drawn the 1:1 correlation 
line. The data trend line is represented in black. 
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Figure 3.9 shows a comparison between the estimated and the observed monthly area 
burned and number of fires in Portugal between 1980 and 2004.  
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Figure 3.9 - Natural logarithm of the observed and estimated a) monthly area burned and b) 
monthly number of fires, between 1980 and 2004, over Portugal. 
 
According to Figure 3.9a, from 1980 to 1993 there is a trend to overestimate the 
maximum and minimum values of the monthly area burned. Since 1999 the area 
burned over Portugal tends to be underestimated. The analysis of Figure 3.8 and 
Figure 3.9a indicates that the underestimation of the area burned in the last years of 
the analysis is stronger than the overestimation for the period between 1980 and 
1993 leading to an overall underestimation of the area burned by the developed 
statistical model. The period between 2000 and 2004 has the highest average annual 
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area burned of the overall analyzed period contributing to the enhancement of the 
differences between observed and estimated values. According to Figure 3.9b, the 
natural logarithm of the monthly number of fires is overestimated from 1980 to 1992. 
From 1993 the monthly number of fires are underestimated especially the minimum 
values. 
Concerning the obtained statistics, each district has different fuel distributions with 
particular characteristics that may also explain some of the variance in the area 
burned and in the number of fires. The way the different districts deal with forest fire 
prevention and fire fighting is another reason for the unexplained variance. The 
prevention campaigns that each local authority implements are another aspect that 
influences the forest fire statistics. It should be stressed that the fuel characteristics 
were not explicitly treated, but implicitly, their expression is detected in the fire 
statistics. An important source of uncertainty is related to the meteorological data 
acquisition and forest fire data records. After 1992, the area burned data records are 
more precise.  
 
3.3.2. Validation procedure 
In order to evaluate the regression models exhibited in Table 3.6 and Table 3.7 the 
FWI system components were calculated for 2005 for the different districts. It was not 
possible to validate the regression models for the districts of Coimbra and Santarém 
due to lack of data for this period at the NCDC database. Figure 3.10 presents the 
annual area burned and annual number of fires validation for 2005.  
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Figure 3.10 - Observed and estimated annual a) area burned and b) number of fires, by district, 
during 2005. 
 
The area burned and the number of fires are underestimated in almost all analysed 
districts. At Viseu the number of fires are overestimated and at Porto are clearly 
underestimated. The number of fires registered in 2005 in Porto is extreme when 
compared to the values registered between 1980 and 2004 (Figure 3.3). The year of 
2005 was a critical year in terms of area burned in Portugal reaching almost 
325,000 ha. This fact may explain at a certain extent the projections based on the 
obtained statistical models.  
A detailed analysis, based on monthly data, was also performed. Considering the data 
availability between 1980 and 2005 at each meteorological station the FWI system 
components were calculated and monthly area burned and number of fires were 
estimated based on the obtained statistical models. The monthly data used to build 
the regression equations for the period 1980-2004 are presented as well as the 
monthly values of area burned, by district, for 2005 (independent data) in order to 
test the regression equations. As an example, Figure 3.11 presents the natural 
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logarithm of the monthly area burned and the monthly number of fires for Castelo 
Branco. The comparisons concerning the other districts are collected in Appendix B.  
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Figure 3.11 – Natural logarithm of the observed and estimated a) monthly area burned and b) 
monthly number of fires for Castelo Branco district, from 1980 to 2005. 
 
For all analysed districts it was possible to verify that the obtained regression models 
tend to underestimate the monthly area burned. This situation was more pronounced 
in the year 2003 especially in Castelo Branco (Figure 3.11). The districts of Bragança 
(Figure B.1), Faro (Figure B.2) and Lisboa (Figure B.4) and the region formed by 
Portalegre, Évora, and Beja (Figure B.3) also exhibit the same behaviour. As already 
stated the year 2003 was an extreme year in terms of fire activity in Portugal. In 
Bragança, Castelo Branco, and Vila Real districts the estimated area burned was 
always underestimated from 1998 to 2005. The number of fires were also 
underestimated in the majority of the analysed districts. Porto district showed the 
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highest difference between observed and estimated number of fires (Figure B.7). The 
results point that other variables beyond the meteorological conditions are responsible 
for the number of fire starts in Porto district. This is the district that presents the 
highest number of forest fires in Portugal. Lisboa, Vila Real, and Bragança districts 
presented a clear underestimation of the number of fires between 1994 and 2002. 
The performed validation for the year 2005 pointed out the main difficulty of the 
obtained regression models in correctly estimate the area burned and the number of 
fires for an extreme situation. Clearly this is closely dependent on the historical 
dataset used to develop the statistical models. 
 
3.4. Summary and conclusions 
The relationships among the weather, the Canadian Fire Weather Index (FWI) System 
components, and the monthly area burned, and the number of fire occurrences from 
1980 to 2004, were investigated for twelve Portuguese districts. A statistical approach 
was used to estimate the monthly area burned and the monthly number of fires per 
district, using meteorological variables and the FWI System components as predictors. 
Results suggest that fire weather explains the majority of the variance of the area 
burned and the number of fires in Portugal. The approach succeeded in explaining 
from 60.9 % to 80.4 % of the variance for area burned and from 47.9 % to 77.0 % of 
the variance for the number of fires. All regressions were highly significant 
(p<0.0001).  
Averages and extremes (maximum and 90th percentile) of the temperature, the DC 
and the FWI were selected for almost all districts giving an indication on the 
importance of these indexes on the fire statistics over Portugal. For the average 
conditions of the twelve Portuguese districts under analysis, approximately 80 % of 
the variance in area burned was explained by the FWI 90th percentile and by the 
monthly mean of RH and the DC. The number of fires explained variance reached 
almost 65 % and the selected variables by the stepwise regression method were the 
monthly maximum TX, the monthly mean RH and the DC 90th percentile. It is 
interesting to point that two meteorological variables (RH and TX) and one drought 
index (DC) explain the majority of the number of fires in Portugal. The relative 
humidity and two severity indexes (DC and FWI) are the selected significant variables 
for area burned indicating the importance of humidity and the long-term drought 
effect. The integrated index represented by the FWI 90th percentile was selected in the 
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regression model giving an indication about the dependency of area burned on the 
intensity of the spreading fire. 
Based on the obtained statistical models a validation procedure was attempted for the 
year 2005. The obtained results indicate a clear underestimation of the area burned 
and number of fires in the analysed districts. In Porto district this difference is more 
pronounced indicating that during 2005 other factors than meteorology contributed to 
the overall number of forest fire occurrences. This is the Portuguese district that 
regists the highest number of fire occurrences being this directly related to its 
urban/sub-urban characteristics that deeply affect the fire statistics in that region. 
The results point to highly significant relationships among forest fires in Portugal and 
the weather and the Canadian FWI System. This analysis provides the baseline 
information for predicting the area burned and number of fires under future climatic 
scenarios and the subsequent impacts on air quality. 
Having this in mind, in the next chapter the potential impacts of climate change on fire 
weather risk over Portugal will be analysed and the fire weather in a future climatic 
scenario will be discussed. 
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4
4.1. Introduction 
starting or its rate of spread, intensity or difficulty of suppression [Viegas et al., 
d 
Viegas, 1994; Flannigan and Harrington, 1988; Carvalho et al., 2007a].  
ction, 
accompanied by slight increases in the other seasons [Santos et al., 2002].  
Change  report [IPCC, 2007] suggests that, with global warming, forest fires 
Flannigan et al., 2000; Carvalho et al., 2001; Williams et al., 2001; Marques and 
. Fire weather risk in a future 
climatic scenario 
 
Forest fire risk is influenced by a large number of factors, including fuels, terrain, land 
management, suppression and weather (as shown in Chapters 2 and 3). Fire-weather 
risk relates to how a combination of weather variables influences the risk of a fire 
1999]. Worldwide important relationships between the weather and the forest fire 
activity were established [Harrington et al., 1983; Viegas et al., 1992; Viegas an
The existence of an observable warming trend in the world climate has become a well 
established fact in the last decade of the 20th century, where a significant number of 
the warmest years were observed [IPCC, 2007]. Over Portugal and since 1972, there 
is a general trend towards an increase in the mean annual surface air temperature. 
Additionally, spring accumulated precipitation has registered a systematic redu
Regional climate change predictions indicate that the majority of the country is likely 
to become hotter and drier by the end of the XXI century [Christensen and 
Christensen, 2007; Santos et al., 2002]. The Intergovernmental Panel on Climate 
frequency will increase all over the world. Moreover, several studies point that global 
warming is likely to increase fire frequency and severity worldwide [Flannigan and Van 
Wagner, 1991; Stocks et al., 1998; Flannigan et al., 1998; Wotton et al., 1998; 
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Rocha, 2003; Brown et al., 2004; Fried et al., 2004; Hennessy et al., 2005; Moreno et 
al., 2005; Moriondo et al., 2006]. Assessments of the potential impacts of climate 
change on fire weather risk in the forests of Canada and United States [Flannigan and 
Van Wagner, 1991; Stocks et al., 1998; Flannigan et al., 1998, 2000; Wotton et al., 
1998] have used General Circulation Models (GCMs) outputs to project fire severity 
using, for example, components of the Canadian FWI System. Results have shown 
increasingly severe fire weather across most of the western boreal forest of Canada 
and United States. In addition to rises in seasonal means of fire severity indices, these 
studies also predict enhancements in the frequency of occurrence of extreme fire 
severity in specific areas [Wotton et al., 2003] and increase in the fire season length 
[Wotton and Flannigan, 1993].  
Research with respect to climate simulation and prediction has attracted considerable 
efforts throughout the last 30 years with global aspects clearly dominating. However, 
it is the regional and the local climate that is of central importance to societies and to 
the biosphere [Grell et al., 2000]. The GCMs spatial resolution, which is still typically 
several hundred kilometres, is considered insufficient for many purposes namely for 
regional impact studies such as those on forest fires, especially in regions like the 
Mediterranean with a complex morphology [Giorgi, 1990]. This has given rise to the 
development of various downscalling methods that attempt to derive finer-scale 
information out of GCM simulations [Giorgi and Mearns, 1991]. One of these 
methodologies is dynamical downscalling, in which a high-resolution (typically 20–
50 km) regional climate model (RCM) is run in a limited domain, using boundary 
conditions provided by a GCM simulation. In comparison with another commonly used 
set of methods – statistical downscalling [Wilby and Wigley, 1997], dynamical 
downscalling is physically based but also much more computationally expensive. RCMs 
have been developed since the 1970s, and are now used in a wide range of different 
applications. The main aim of RCMs in the context of climate change is to add valuable 
higher resolution details to GCM integrations but keep the large-scale features. 
Realistic details are expected both spatially and temporally.  
The application of RCMs can represent an important step forward in order to better 
simulate the fine scale atmospheric features and to capture effects of regional forcing 
in areas of complex topography as Portugal. In addition, the country dimension and 
the sea-land interaction derived from its vicinity to the Atlantic Ocean requires higher 
resolution simulations and analysis.  
In this scope, the main objective of this chapter is to assess the future impacts of 
climate change on the fire weather risk over Portugal derived from the regional 
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climate model HIRHAM [Christensen et al., 1996] simulations. The impact of different 
spatial resolution climatic scenarios on fire weather risk will also be discussed. 
 
4.2. Data and Methods 
Firstly, an overview of the fire severity data for the period between 1980 and 2005 
that is used to validate the reference climate simulation is presented - Observed fire 
weather risk between 1980 and 2005. Secondly, the selected climatic scenarios and 
applied methodologies are described – Regional climatic data description.  
 
4.2.1. Observed fire weather risk between 1980 and 2005 
The fire weather data described and analysed in Chapter 3 was used in this section for 
the validation of the reference climate simulation over Portugal. Additionally, the year 
2005 is also considered. A temporal and a spatial analysis of the FWI components is 
conducted in order to better characterize their main patterns and characteristics. 
Concerning the fire weather risk, Figure 4.1 presents the daily mean fire weather 
index (FWI) from 1980 to 2005. Porto district exhibits the lowest values. The southern 
region formed by Portalegre, Évora, and Beja districts presents the highest 
interquartilic interval (interquartile range from 25th percentile to 75th percentile) of 
FWI values. In terms of yearly distribution, 2005 (Figure 4.1b) presents the highest 
interquartilic interval of values but the maximum FWI index was attained in 2004. 
According to the monthly distribution (Figure 4.1c), July presents the maximum FWI 
value but the interquartilic interval remains almost the same between July and 
August. As expected, the period between May and October presents the highest FWI 
values.  
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c) 
Figure 4.1 – Daily fire weather index (FWI) between 1980 and 2005 by a) district, b) year and 
c) month. 
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The 12 stations fire weather data was used to estimate the FWI spatial distribution for 
Portugal. A Geographic Information System (GIS) software was used to compute a 
spline interpolation [Schumaker, 1981] over the monthly means of the FWI daily 
values estimated between 1980 and 2005. Figure 4.2 presents the FWI spatial 
distribution over Portugal, from May to October, between 1980 and 2005.  
July and August register the highest values and the southern regions are also the main 
affected. The monthly mean FWI values range from 1 to 32 depending on the region 
giving an indication on the associated fire danger. According to Viegas et al. [2004] 
the highest FWI values registered in the southern region are associated to low fire 
danger classes (Table 3.2, pp 42). On the contrary, in July and August the districts of 
the centre and north interior present FWI values ranging from 13 to 29, which are 
related to moderate to high level of fire danger. The coastal regions in the north and 
Centre show the lowest FWI values ranging from 1 to 12. In these regions the 
obtained FWI values are related to a low to moderate level of fire danger.  
The FWI index spatial distribution has a markedly NW-SE gradient. The NW region of 
Portugal exhibits the lowest FWI values and the SE the highest. This gradient is in 
agreement with the temperature patterns and the mean sea level pressure field of the 
summer climatology over the Iberian Peninsula discussed in Chapter 2 (Figure 2.4). 
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Figure 4.2 – Monthly mean fire weather index (FWI) between 1980 and 2005 for a) May,  
b) June, c) July, d) August, e) September, and f) October. 
64   
Fire weather risk in a future climatic scenario 
4.2.2. Regional climatic data description 
Daily climatic data were collected from the regional climate model HIRHAM 
[Christensen et al., 1996], at two spatial resolutions, 12 km and 25 km, from the 
Prediction of Regional scenarios and Uncertainties for Defining EuropeaN Climate 
change risks and Effects – PRUDENCE – project [PRUDENCE, 2005], considering the 
IPCC Special Report on Emissions Scenarios (SRES) A2 scenario [Nakicenovic et al., 
2000]. The PRUDENCE simulations are freely available to be used for scientific 
research namely for impact assessment studies 
The starting point for each SRES projection is a narrative ‘‘storyline’’, describing the 
way world population, economies and political structure may evolve over the next few 
decades. Four storylines were defined, and for each storyline several emissions 
scenarios were constructed, producing four ‘‘scenario families’’. Ultimately, six SRES 
marker scenarios were defined (one of the families has three marker scenarios, the 
others one each) – A1F1, A1T, A1B, A2, B1, B2 - and climate modellers agreed to use 
some or all of these six marker scenarios to drive their climate models to develop a 
series of comparable climatic scenarios. The SRES storylines provide more than just 
input drivers to climate models. They represent a diverse range of different 
development pathways for the world which provide a meaningful basis for impact 
estimates [Arnell et al., 2004]. The IPCC SRES A2 scenario is characterized by a very 
heterogeneous world with a continuously increasing global population. The economic 
development is primarily regionally oriented and per capita economic growth and 
technological change are more fragmented and slower than in other IPCC scenarios. In 
this sense, the A2 is considered a high emission scenario. 
Within PRUDENCE four different Atmospheric General Circulation Models (AGCMs) and 
ten different Regional Climate Models (RCMs) were applied to get an estimate of the 
uncertainty for reference (1961-1990) and future (2071-2100) climatic scenario 
derived by the different model formulations. The same observed time series of sea 
surface temperatures (SSTs) and emissions of trace gases and sulphate aerosols were 
used to drive the models. For future climate the sea surface conditions as predicted 
from state of the art Atmosphere Ocean General Circulation Models (AOGCMs) and the 
changes in the radiative forcing derived from the SRES A2 were used [Christensen and 
Christensen, 2007]. The HadAM3H model [Buonomo et al., 2007] was chosen to be 
the central GCM delivering lateral boundary conditions to the RCMs used for the 
PRUDENCE ensemble. The RCMs used their own model setup as well as grid 
specifications like number of vertical levels. However, similar horizontal resolutions of 
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about 50 km were considered with the exception of the HIRHAM model that also 
presented simulations at 25 km and 12 km.  
The HIRHAM4 [Christensen et al., 1996] was the applied model version within the 
PRUDENCE simulations. The dynamical part of the model is based on the hydrostatic 
limited area model HIRLAM [Källén, 1996]. Prognostic equations exist for the 
horizontal wind components, temperature, specific humidity, liquid water content and 
surface pressure. HIRHAM4 uses the physical parameterisation package of the general 
circulation model ECHAM4 [Roeckner et al., 1996]. These parameterisations include 
radiation, land surface processes, sea surface sea-ice processes, planetary boundary 
layer, gravity wave drag, cumulus convection and stratiform clouds. 
In order to assess the influence of spatial resolution on the fire weather risk and 
subsequently on forest fire activity over Portugal the HIRHAM highest resolution 
climate change simulations, at 25 km and 12 km, were selected (Figure 4.3).  
 
 
a) 
 
b) 
Figure 4.3 – HIRHAM grid cells over Portugal at a) 12 km resolution and b) 25 km resolution. 
 
As fire weather is strongly influenced by the meteorological variables behaviour, a 
detailed validation was performed over Portugal applying the non-parametric 
statistical test – Wilcoxon Score Test [van Elteren, 1960] at the selected 12 
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meteorological stations between 1980 and 1990 (11 year period for which observed 
data were available). Figure 4.4 presents the meteorological stations location used in 
the validation procedure (the same meteorological stations presented in Table 3.1, pp 
39). Unfortunately, it was not possible to validate the full 30 year (1961 – 1990) 
simulated values due to lack of data. Using SAS version 9.1.3 monthly mean values of 
the simulated daily mean temperature, daily maximum temperature, daily mean wind 
speed, total precipitation, and daily mean relative humidity and fire weather risk 
variables were evaluated.  
 
 
Figure 4.4 - Portuguese meteorological stations used for the reference scenario analysis. 
 
4.3. Results and Discussion 
In this section the reference regional climate simulations are validated - Reference 
climatic scenario (1961-1990) analysis, and the impacts of climate change on the fire 
weather risk are assessed for two spatial resolutions (12 km and 25 km) – Climate 
change impacts on fire weather risk. 
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4.3.1. Reference climatic scenario (1961-1990) analysis 
In the scope of PRUDENCE project all the models have been evaluated for the 
reference climate simulation. According to Jacob et al. [2007], the HIRHAM model 
presents a slightly warm bias in winter and summer over the Iberian Peninsula that 
decreases with higher spatial resolution. The ensemble mean of all RCMs applied 
within PRUDENCE project presents a slightly cold bias in winter (-0.19) and a warm 
bias in summer (0.48). For precipitation, HIRHAM exhibits a dry bias in winter that 
decreases with resolution and a wet bias in summer that increases with resolution. 
Over the Iberian Peninsula, the ensemble mean presents a dryer tendency in summer 
(-0.02) and in winter (-0.43). The interannual variability of temperature and 
precipitation revealed by HIRHAM model for both simulations is very close to the 
Climatic Research Unit – CRU [New et al., 2002] dataset [Jacob et al., 2007].  
To better assess the impact of climate change on forest fire risk over Portugal a more 
detailed analysis of the HIRHAM reference simulation was performed. Hence, the 
Wilcoxon score test was applied to the monthly means of the daily values of the 
meteorological variables and to the FWI System components between 1980 and 1990.  
Figure 4.5 shows the monthly mean of daily average temperature distribution from 
1980 to 1990 for the analysed stations. The monthly mean of daily average 
temperature is well simulated by the model at 12 km and 25 km resolution (Figure 
4.5). The non-parametric test reveals that at 12 km resolution there are no significant 
differences between the observed and the modelled temperature at a 0.05 significance 
level except for the southern stations of Évora, Beja and Faro. In average, in this part 
of the country, there is an overestimation of mean temperature of approximately 
+ 2 ºC. Faro station exhibits an overestimation of + 1.3 ºC. The HIRHAM mean 
temperature outputs at 25 km present a good agreement with the observed values. 
According to Flannigan et al. [2002] this difference is inside the accepted range 
(± 3 °C) for fire weather impact assessment studies.  
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Figure 4.5 - Monthly mean of daily average temperature (ºC), by station, for the 1980-1990 
period, for observed data (grey boxes), HIRHAM 12 km simulation (orange boxes) and HIRHAM 
25 km simulation (dark green boxes). 
 
Regarding wind speed, HIRHAM outputs, for both simulations, are inside the 
acceptable range (± 3 km h-1) for this type of study [Flannigan et al., 2002]. Although 
in Santarém, Vila Real, and Viseu stations the obtained values are overestimated. 
Wind speed can be dependent on very small scale variations in surface topography 
and such is hard to model [Wotton et al., 1998].  
Humidity plays an important role in fire danger. Low humidity days are necessary for 
drying fine fuels which carry the fire [Wotton et al., 1998]. The outputs of the HIRHAM 
model do not consider relative humidity or even specific humidity; instead dew point 
temperature is available. 
The relative humidity (RH) was computed based on the relationship established in 
equation 4.1: 
 
se
e=
100
RH
          (4.1) 
 
where is the saturation vapour pressure given by a specific derivation of the 
Clausius-Clapeyron equation that describes the dependence of saturated water vapor 
pressure on temperature (Equation 4.2) 
se
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where is the reference saturation vapor pressure at 0e KT 15.2730 =  (611.2 Pa); is 
the latent heat of evaporation (2.453x106 J kg-1); is the water vapor gas constant 
(461 J K-1 kg-1); is the reference temperature (273.15 K) and T the actual 
temperature (K). In equation 4.1, e  represents the water vapour pressure and is also 
estimated through equation 4.2 but instead of T  the dew point temperature must be 
used ( ). 
L
vR
0T
dewT
At 12 km resolution, the computed relative humidity (RH) presented significant 
differences against the observed data. The maximum differences in relative humidity 
were registered in the south namely at Faro (-15.5 %), Beja (-15 %), Évora (-11.5 %) 
and also at Santarém (-10 %). According to Flannigan et al. [2002], for climate 
change impact studies on forest fire activity, the relative humidity acceptable range 
should be ± 5%. The HIRHAM control simulation does not satisfy this criterion and 
considering that the fire weather is highly influenced by the humidity in the 
atmosphere it was decided to evaluate how well the model predicts the dew point 
temperature (hereafter denoted as Tdew).  
Comparing the simulated Tdew with the observed values, at each weather station, it 
was detected that HIRHAM presents a cold bias. The highest differences detected were 
in the south of the country and in autumn (not shown). From this analysis it was 
decided to correct the Tdew simulated values in order to estimate a more reliable 
relative humidity field over Portugal. It was not considered any spatial adjustment 
(based on stations location) but only a temporal (monthly) discrimination. It was 
concluded that, from January to September and December, the Tdew presents a 
difference of 1ºC and for October and November it registers a 2.5 ºC difference.  
At 25 km resolution the relative humidity, and especially for the southern part of the 
country, also presented lower values than the measured data although the differences 
were not so pronounced as for the 12 km simulation. The relative humidity differences 
reached -14 % in Faro, -13 % in Beja, -9 % in Santarém and -8 % in Évora. A 
detailed analysis of the dew point temperature simulated by the HIRHAM at 25 km 
also detected a cold bias comparatively to the stations observed values. This bias was 
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also corrected on a monthly basis because October and November exhibited the 
highest differences. The dew point temperature was corrected with +0.5 °C in all 
months except in October and November where a +2 °C correction was considered. 
The obtained correction factors for the dew point temperature were applied to the 
reference simulation and also to the future climate simulation at both analyzed spatial 
resolutions. 
After the Tdew correction, for both simulated resolutions, the relative humidity field of 
the reference simulation was re-estimated and re-evaluated. The updated statistical 
test indicated that the RH values were closer to the observed ones. In the south dryer 
values than the observed data still remain, but the obtained differences are within the 
acceptable range for this type of study except in Beja and Faro stations. In Porto, 
Lisboa, Santarém and Évora significant statistical differences can be detected between 
estimated and observed mean relative humidity values but these differences are inside 
the ± 5 % acceptable range (Figure 4.6). According to Figure 4.6, the interquartilic 
range of the RH values tends to be similar in both reference simulations except in 
Lisboa and Viseu stations. Although, there is a clear underestimation of the 
interquartilic range in Faro, Beja, Porto, and Santarém stations.  
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Figure 4.6 - Monthly mean of daily relative humidity – RH (%) for 1980-1990 period, for 
observed data (grey boxes), HIRHAM 12 km simulation (orange boxes) and HIRHAM 25 km 
simulation (dark green boxes) by station.  
 
Concerning precipitation, the HIRHAM at 25 km resolution presents a wet bias in the 
south of the country. The model exhibited high frequency in the small rainfall events 
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as detected in Wotton et al. [1998]. The districts of Évora, Beja, Lisboa, and Santarém 
show higher precipitation daily amounts. In the north, Bragança also exhibits higher 
daily rainfall amounts. These differences are statistically significant. A constant 
correction factor applied to the simulated daily precipitation values is an adequate 
calibration procedure [Mearns et al., 1995; Flannigan et al., 2005a]. This type of 
correction has been applied on modelled rainfall data in other studies [Bergeron and 
Flannigan, 1995; Beer and Williams, 1995; Wotton et al., 1998]. Since the forest fire 
activity is highly dependent on the precipitation regimes [Viegas et al.; 1992; Viegas 
and Viegas, 1994] the precipitation amounts frequency and the frequency of duration 
of rain-free periods was assessed for the 25 km reference simulation. Several 
correction values were tested in order to set the simulated precipitation frequencies as 
close as possible to observed ones. The correction factor for the precipitation amount 
that revealed more adequate for the south part of Portugal was 1.5 mm (Figure 4.7). 
This correction factor was applied between latitudes 37.5 ºN and 39.5 ºN (Figure 4.4) 
to the reference simulation and also to the future climatic scenario simulation at 
25 km resolution. Figure 4.7 exhibits the daily rainfall amount frequencies in 
Santarém, Lisboa, Évora, and Beja. The precipitation correction applied over the 
25 km resolution conducted to a better representation of the southern region 
precipitation amounts frequency (Figure 4.7 and Figure 4.9). Due to its local 
behaviour, no correction factor was applied in Bragança.  
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d) 
Figure 4.7 - Daily rainfall amount frequencies at four Portuguese southern stations, (a) 
Santarém, (b) Lisboa, (c) Évora, and (d) Beja. The solid line represents the observed daily 
precipitation data for the period 1980-1990. The dashed line represents the uncorrected 
frequencies from the HIRHAM 25 km simulation. The line with squares represents the 
frequencies from the HIRHAM after the correction (-1.5 mm) was applied. 
 
As stated previously, the frequency of duration of rain-free periods was also analysed 
(Figure 4.8). There is a clear improvement of the dry spell length after the 
precipitation amount correction in the 25 km simulation. In Santarém station this is 
not so obvious, which could be closely related to local features that are influencing the 
precipitation distribution in the region. In Lisboa, Évora, and Beja the dry spell length 
is clearly improved diminishing the frequency of 1 to 4 consecutive days without any 
rain. 
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d) 
Figure 4.8 - Dry spell length frequencies at four Portuguese southern stations, (a) Santarém, 
(b) Lisboa, (c) Évora and (d) Beja. The solid line represents the observed dry spell length for 
the period 1980-1990. The dashed line represents the uncorrected frequencies from the 
HIRHAM 25 km simulation. The line with squares represents the frequencies from the HIRHAM 
after the correction (-1.5 mm) was applied. 
 
At 12 km resolution, monthly precipitation presents a good agreement with measured 
data except in Bragança, where the difference in the monthly totals is statistically 
significant. The monthly mean of the daily precipitation is only statistically different in 
Bragança. According to Figure 4.9 the reference simulation at 12 km and at 25 km 
resolution (after daily precipitation correction) exhibits a reasonable agreement with 
the observed precipitation values except in Bragança. It should be stated that in some 
stations (Coimbra, Lisboa, Portalegre, and Porto) the simulations present higher 
maximum values than the observed ones. For Viseu station the median of monthly 
mean of daily precipitation is very close to the observed value although the 
interquartilic range is clearly underestimated. 
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Figure 4.9 - Monthly mean of daily precipitation (mm) between 1980 and 1990, for observed 
data (grey boxes), HIRHAM 12 km simulation (orange boxes) and HIRHAM 25 km simulation 
(dark green boxes) by station. 
 
The previously analysed variables (temperature, wind speed, relative humidity, and 
precipitation) were used to estimate the Canadian FWI System components - FFMC, 
DMC, DC, BUI, ISI and the FWI (see Figure 3.5, pp 40). Based on the Wilcoxon score 
test results the FWI System components presented a good agreement with the 
observed values at the majority of the analyzed stations. At 12 km resolution the DC 
component exhibits statistically significant differences in Portalegre, Santarém, Lisboa, 
Évora, Beja and Vila Real. The FWI index is only significantly different in Santarém and 
Beja stations. The HIRHAM 25 km reference simulation exhibits good agreement 
between the simulated and observed FWI components. The differences are only 
significantly different for DC in Porto, Vila Real, Coimbra, Portalegre and Évora. The 
FWI significant differences can be detected in Bragança, Santarém and Beja. The 
FFMC presents significant differences in Lisboa, Bragança and Vila Real. Figure 4.10 
and Figure 4.11 show the FFMC and the FWI components at 12 km and 25 km 
resolution and the observed data. Only Bragança station exhibits a different behaviour 
from the observed FFMC values (Figure 4.10).  
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Figure 4.10 - Monthly mean of daily Fine Fuel Moisture Code (FFMC), between 1980 and 1990, 
for observed data (grey boxes), HIRHAM 12 km simulation (orange boxes) and HIRHAM 25 km 
simulation (dark green boxes), by station. 
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Figure 4.11 - Monthly mean of daily Fire Weather Index (FWI), between 1980-1990, for 
observed data (grey boxes), HIRHAM 12 km simulation (orange boxes) and HIRHAM 25 km 
simulation (dark green boxes), by station. 
 
The FWI values are also correctly simulated by HIRHAM model except in Beja station 
where the median is clearly overestimated (Figure 4.11). Faro station also exhibits an 
overestimation of the FWI component at 12 km resolution. Results at this resolution 
tend to show higher maximum values than the 25 km resolution HIRHAM simulation 
for both analysed variables. According to Figure 4.11, HIRHAM 12 km simulation tends 
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to present higher simulated FWI values for the 75th percentile except in Bragança, 
Coimbra and Vila Real stations. The 25th percentile presents reasonable values in both 
simulations except in Beja and Santarém stations. The poor results obtained for FFMC 
and FWI variables in Bragança station, especially in the 25 km simulation, can be at 
some extent, related to the overestimation of precipitation in this region. 
Figure 4.12 shows the mean daily FWI component relative frequencies between 1980 
and 1990 for observed and simulated values. It should be remembered that Viseu only 
has data between 1982 and 1990, and from May to October, and for Castelo Branco 
available data corresponds to the 1985-1990 period (Table 3.1, pp 39). The FWI 
frequency classes were selected based on the analysis of Viegas et al. [2004].  
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Figure 4.12 - Relative frequencies between observed and simulated (at 12 km and 25 km) mean 
daily FWI, for the 12 analysed districts between 1980 and 1990.  
 
For Bragança the simulations overestimate the first class (0-10) and underestimates 
the 20-30 and 30-40 classes of the FWI values. This is closely related to the weak 
performance of the HIRHAM model at this weather station. The remaining stations 
exhibit a good frequency of distribution of the analysed FWI classes although there is 
a tendency to overestimate the frequency of values above 30, in both simulations, in 
Viseu, Santarém, Beja, and Faro. For the 0-10 FWI class the 25 km simulation 
presents better results than the 12 km simulation except in Castelo Branco, Vila Real, 
and Lisboa. From the validation point of view, it is important that the model produces 
a good distribution of the FWI frequency classes because these are clearly related to 
78   
Fire weather risk in a future climatic scenario 
fire danger in the different Portuguese districts [Viegas et al., 2004] and consequently 
these constitute an important tool to correctly assess fire weather severity.  
Table 4.1 and Table 4.2 summarize the validation procedure carried out at 12 km and 
25 km resolution between 1980 and 1990 and the obtained statistical significant 
differences. 
 
Table 4.1 – Statistical significant differences (x) obtained at 12 km resolution by district. 
 T wind RH rain FFMC DMC DC ISI BUI FWI 
Bragança    x x      
Vila Real  x     x    
Porto   x        
Viseu  x         
Castelo Branco           
Coimbra           
Portalegre       x    
Santarém   x x    x   x 
Lisboa   x    x    
Évora x  x    x    
Beja x  x  x x x x x x 
Faro x  x        
 
Table 4.2 – Statistical significant differences (x) obtained at 25 km resolution by district. 
 T wind RH rain FFMC DMC DC ISI BUI FWI 
Bragança    x x     x 
Vila Real  x   x  x    
Porto   x    x    
Viseu           
Castelo Branco           
Coimbra       x    
Portalegre       x    
Santarém x x x x      x 
Lisboa   x x x      
Évora x  x x   x    
Beja x  x x      x 
Faro x  x        
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According to Table 4.1 and Table 4.2 the southern part of the country exhibits the 
worst results in terms of validation namely for the mean temperature and the relative 
humidity. The daily precipitation also shows significant statistical differences in the 
south at 25 km resolution. Within the FWI system components the DC is the most 
affected variable presenting statistical significant differences at 12 km and at 25 km 
resolutions. Even considering the limitations revealed by the validation procedure it is 
possible to conclude that the HIRHAM model simulations can be used to assess future 
forest fire weather risk over Portugal. 
 
4.3.2. Climate change impacts on fire weather risk 
According to Christensen and Christensen [2007] all models within PRUDENCE project 
agree that the largest warming is projected to occur in the Mediterranean region, and 
most of the models point towards southern France and the Iberian Peninsula as the 
region most severely hit by a warming of more than 6 ºC. According to the authors 
HIRHAM model is in the middle of the range for most areas, fields and seasons, with a 
lesser projected drying during summer than average. It also has a slight tendency to 
less warming and a more positive precipitation change (in particular in summer 
season) with increased resolution. It is also stated that higher resolution of course 
gives higher topographic detail in the modelled fields. But it is also seen a tendency 
for less warming in the present model results. For HIRHAM model this is also 
connected to a marginally lower atmospheric humidity in the high resolution 
simulations and hence a lower greenhouse effect. Over the Iberian Peninsula HIRHAM 
model projects its highest warming in summer reaching 5.38 ºC in the 50 km 
resolution and 5.19 ºC in the 12 km simulation. The ensemble mean temperature 
increase for this region is 5.41 ºC. Concerning precipitation, all seasons will experience 
a decrease on the rainfall amounts but this will be more pronounced in summer, which 
already is the driest season of the year. The ensemble mean points to a decrease of 
0.48 mm. In summer, the HIRHAM 50 km simulation projects a decrease of 0.39 mm 
and 0.36 mm reduction in the 12 km simulation [Christensen and Christensen, 2007].  
To evaluate the impacts of climate change on the fire weather risk over Portugal a 
more detailed analysis was performed. The Wilcoxon score test was applied in order to 
better assess the differences between future and reference scenario. The statistical 
test was also applied in order to evaluate the projections derived from the 12 km and 
25 km HIRHAM simulations. All results are statistically significant at a 95 % confidence 
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interval. As has been stated previously, for the analysed time slices the IPCC SRES A2 
is consistent to a 2 x CO2 climatic scenario. 
Figure 4.13 and Figure 4.14 show the impacts of a 2 x CO2 climatic scenario on mean 
temperature and mean daily precipitation for both analysed resolutions.  
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b) 
Figure 4.13 – Mean temperature difference between future (2071-2100) and reference (1961-
1990) climatic scenarios for a) 12 km and b) 25 km simulation, by season. 
 
The HIRHAM projections at 12 km and at 25 km resolution over Portugal point to an 
increase of the mean temperature in all seasons especially in summer, reaching 
almost 6 ºC in the inner districts of Bragança, Guarda, and Castelo Branco 
(p<0.0001). The north and central part of the country will register the highest 
increases and the districts of Bragança, Vila Real, Viseu, Guarda, and Castelo Branco 
will be the most affected ones (Figure 4.13). Differences between both resolutions are 
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more noticeable for the mean temperature in autumn where the 25 km simulation 
gives higher increase values for the north/centre districts and the 12 km simulations 
for the southern districts. 
At 12 km resolution, the daily precipitation (Figure 4.14a) decreases in all seasons 
except in winter in Viana do Castelo district, although this increase is not statistically 
significant. Spring season is the most affected in precipitation reduction reaching 
almost -2.2 mm in Braga district (p=0.0009). The north and central part of Portugal 
registered the highest reductions in rainfall amounts.  
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b) 
Figure 4.14 - Mean daily precipitation difference between future (2071-2100) and reference 
(1961-1990) climatic scenarios for a) 12 km and b) 25 km simulation, by season. 
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At 25 km resolution (Figure 4.14b) all seasons exhibit daily precipitation reductions 
except the districts of Braga, Porto, Viseu, Aveiro, Coimbra, and Castelo Branco in 
winter. This increase in winter precipitation is statistically significant. The reduction 
detected in spring precipitation in northern and centre districts at 25 km scenario is 
not as high as the 12 km precipitation decreasing. In summer the precipitation 
reduction is higher in the 25 km simulation. On the other hand, autumn exhibits 
higher rainfall amount decreases in the 12 km simulation. Actually, the southern 
districts already have lower precipitation rates than the northern and by the end of the 
XXI century in a 2 x CO2 scenario a decrease is also projected. According to Viegas et 
al. [1992] and Viegas and Viegas [1994] winter and spring precipitation deeply 
influence the forest fire activity during summer. The projected increase in winter 
precipitation may contribute to the under-canopy vegetation development and to its 
accumulation for the next fire season. Additionally, the projectd daily rainfall 
reductions in spring may contribute to the drying of the vegetation leading to the 
enhancement of the fire risk over a region. These projections will deeply influence the 
fire weather risk patterns in future climate.  
At a 0.05 significant level most of the projected variables revealed not to be 
significantly different between the 12 km and the 25 km simulation. The mean and the 
maximum temperature increments and the relative humidity decreases projected, by 
district, under future climate in both datasets are not statistically different. All the 
districts exhibit statistically significant differences in precipitation projections between 
both simulations except Beja, Viana do Castelo, Bragança, Vila Real, Leiria, Portalegre 
and Guarda.  
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The fuel moisture conditions are strongly influenced in future climatic scenario. The 
fine fuel moisture code (FFMC) increases and this is slightly higher in the 25 km 
simulation (Figure 4.15).  
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Figure 4.15 - Monthly average of daily FFMC for HIRHAM 12 km simulation (circle point) and 
HIRHAM 25 km simulation (triangular point) by season, for 1961-1990 scenario (orange boxes) 
and 2071-2100 scenario (green boxes).  
 
Figure 4.16 presents the FWI projections for future scenario for both analyzed spatial 
resolutions. The impacts of climate change on DMC, DC, BUI and ISI components of 
the FWI system are exhibited in Appendix C. 
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b) 
Figure 4.16 - Monthly mean of daily FWI per district, per month and per season, for 2071-2100 
scenario (coloured boxes) and 1961-1990 scenario (open boxes) for a) HIRHAM 12 km 
simulation and b) HIRHAM 25 km resolution. 
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All the districts present an increase in the FWI index in both simulations. The 
statistical analysis revealed that there are not significant differences between the FWI 
projections at 12 km and at 25 km except in summer for some Portuguese districts 
(Braga, Leiria, Santarém, Lisboa, Évora, Setúbal, Beja, and Faro), where the 25 km 
simulation shows larger increases.  
All seasons experience an increase on the FWI component by the end of XXI in a 
2 x CO2 scenario. The month of May registers the highest relative increases. The 
months of October and November also exhibit considerable increases in the FWI index 
(Figure 4.16). This could lead to a clear anticipation of the fire season starting and an 
increase in its length. Marques and Rocha [2003] based on GCM outputs over Portugal 
have already pointed a possible increase on the fire risk in the beginning of the 
summer under a 2 x CO2 scenario. There is also a clear FWI increasing trend from 
north to south, starting in Viana do Castelo district till Faro. The highest values are 
detected in Évora and Beja, as it is already observed nowadays. Another important 
feature is the increase on the 25th percentile values. Higher values are observed in 
future climate for this quantity. This is an important indication on how climate change 
may impact not only the maximum values but also a positive shift in the minimum 
ones. 
Table 4.3 presents the statistics on the daily FWI values related to the observed large 
fires by district between 1980 and 2005. The FWI data used is described in §4.2.1 (pp 
61). It should be noted that for the full period between 1980 and 2005 there were 
2353 large fires registered in the 12 analysed districts. Not all the large fires were 
considered for the analysis presented in Table 4.3 due to FWI data limitations for the 
studied period. 
The district of Viseu exhibits the highest number of large fires (area burned over 
100 ha) for the analysed period (481). The districts of Viseu, Vila Real, Bragança, 
Castelo Branco, and Coimbra represent 74 % of a total of 2160 large fires considered. 
Each district is characterized by a different range of FWI values associated to the 
occurrence of large fire events. The minimum and maximum FWI values range from 
0.1 to 21.4 and 32.8 to 81.9, respectively, depending on the district. As already 
discussed in Chapter 3 the level of risk that each FWI value represents is different 
among the districts (Table 3.2, pp 42). The impact of climate change on the minimum 
and maximum FWI values may directly influence the occurrence and extension of 
large forest fires in Portugal. 
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Table 4.3 – Daily fire weather index (FWI) for observed large fires (area burned over 100 ha) 
between 1980 and 2005, by district. 
District N FWI 
minimum 
FWI  
mean 
FWI 
maximum 
Bragança 274 0.3 20.3 49.2 
Vila Real 392 0.8 17.5 32.8 
Porto 127 2.3 14.7 42.6 
Viseu 481 0.1 19.4 52.5 
Coimbra 226 3.5 17.9 42.5 
Castelo Branco 236 11.1 35.2 81.9 
Portalegre 52 21.4 42.2 64.8 
Santarém 107 9.5 25.9 42.5 
Lisboa 47 13.6 33.3 62.9 
Évora 36 14.0 41.7 65.7 
Beja 72 5.7 35.6 59.8 
Faro 110 0.2 28.5 79.2 
 
As the projections for the 12 km and 25 km resolution are not significantly different 
for the majority of the Portuguese districts the following analysis is based on the 
highest resolution simulation outputs. In this sense, Figure 4.17 exhibits the FWI 
cumulative frequency distribution for each scenario at 12 km resolution by district. To 
facilitate the discussion the districts are organized by north, centre and south of 
Portugal.  
The obtained cumulative distribution functions clearly show the FWI shift to attain 
higher values in a future climatic scenario. The districts of the north formed by Viana 
do Castelo, Bragança, Vila Real, Braga, and Porto show an increase of the maximum 
FWI range of values from 26-53 to 45-76. The 50th percentile also shows an increase 
but not so pronounced. The districts in the Centre like Viseu, Guarda, Aveiro, Coimbra, 
Castelo Branco and Leiria, also present an increase in the FWI maximum values 
ranging from 39-55 to 55-71 from the reference to the future climatic scenario. The 
southern districts of Santarém, Portalegre, Lisboa, Évora, Setúbal, Beja and Faro 
present the highest FWI maximum values in the reference scenario and the same is 
verified in the future climate. The FWI values between the 25th percentile and the 
maximum show a clear increase in all southern districts. In this part of the country the 
FWI ranges from 50-71 and in future climate these values increase to 57-76.  
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The FWI 90th percentile was selected by the stepwise regression (Chapter 3) as a good 
predictor for the area burned over Portugal. In this sense, the projected increase on 
the FWI values may deeply impact the future area burned. This fact may be also 
related to the increase in the number of large forest fires. 
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Figure 4.17 - Cumulative frequency distribution of the daily FWI component by district and for 
each climatic scenario (reference and 2 x CO2) at 12 km resolution. The districts are organized 
by north, centre and south of Portugal. 
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The relative frequency analysis for different FWI class of values is another approach to 
assess the impacts of future climate change on fire weather risk. Based on the 12 km 
simulation projections, from reference to future climate all Portuguese districts present 
an increase of the higher FWI class frequency and a reduction of the lowest FWI 
values (class ranging from 0 to 10) (Appendix C). Depending on the district the first 
FWI class decreases approximately 10 %. This decrease is accompanied by an 
increase on the frequency of the subsequent classes in future climate and is different 
according to the district. The FWI classes between 50-60 and 60-70 do not present 
any frequency of occurrence in the reference climate. In future these two FWI classes 
appear in some of the Portuguese districts. 
Figure 4.18 presents the differences on the FWI patterns for May, June, July, August, 
September, and October between future and reference climatic scenarios at 12 km. As 
previously noted, all the districts across Portugal experience an increase on the FWI 
component but this is more pronounced in the inner regions. July and August show the 
highest increases namely in the districts of Bragança, Guarda, and Castelo Branco. 
These districts form a regional elongated pattern that goes from north to the centre 
just close to the Spanish border. September and October exhibit a very homogeneous 
pattern of increase from north to south.  
The increase on the fire weather severity values may have a major impact in the area 
burned and the number of fires in a 2 x CO2 climatic scenario over Portugal. 
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Figure 4.18 - FWI changes between future and reference scenarios, at 12 km resolution, for a) 
May, b) June, c) July, d) August, e) September, and f) October. 
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Climate change impact assessment studies constitute an important tool to efficiently 
and quantitatively discuss the future impacts. Associated to this type of analysis are, 
as expected, a number of uncertainties and assumptions that bound the obtained 
results. In this sense, there are some limitations in the present study.  
The statistical validation analysis was a complex process and at some extent very 
exhaustive for an RCM validation procedure. The RCM projections are intended to 
predict broad weather patterns and trends. They are not intended to match weather 
patterns on a daily basis but to provide forecasts of monthly and yearly weather, for 
which daily variability is accounted [Flannigan et al., 2002]. The daily evolution of the 
fire weather variables is fundamental to the establishement of the forest fire severity. 
The daily precipitation and the dew point temperature data from the RCM were 
modified in order to have them as close as possible to the observed data recurring to 
minimal necessary adjustments. Other approaches could have been applied. The first 
was to superimpose the monthly anomaly data from the RCM outputs onto the 
observed data. Nevertheless, the availability of observed data is scarce and limited to 
a reduced number of weather stations and, in addition, this approach would keep 
constant the future precipitation frequency patterns what could deeply mask the fire 
weather impact assessment.  
Fire weather is only one of the most important factors determining fire risk and fire 
behaviour; fuels, terrain and suppression are also critical. Prevention strategies and 
adequate management plans will play a crucial role against the natural conditions, 
namely meteorology, that in future climate will favour forest fires ignition and 
propagation. In addition to the natural and structural conditions human influence 
associated to cultural and social behaviours must also be considered for a better 
discussion on wildfire activity over Portugal. 
 
4.4. Summary and conclusions 
The Canadian FWI System that is used operationally by Portuguese authorities during 
the fire season was selected for the evaluation of the impact of climate change on fire 
weather risk over Portugal. Daily climatic data were collected from the regional climate 
model HIRHAM, within the PRUDENCE project at 12 km and 25 km resolution. The FWI 
components were estimated for both climatic scenarios 1961-1990 (reference) and 
2071-2100 following the IPCC SRES A2 scenario (2 x CO2). A statistical analysis was 
conducted in order to evaluate the performance of the HIRHAM to model the reference 
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climate and also to evaluate the statistical significant differences between reference 
and future climate.  
The reference climate simulation was validated for the 1980-1990 period and for both 
spatial resolutions. The comparison was performed at 12 meteorological stations that 
covered the majority of the Portuguese territory. The validation procedure revealed 
that the HIRHAM presents a slight over-estimation of approximately 2 ºC of the mean 
temperature mainly in the southern districts of Portugal. In terms of precipitation the 
25 km simulation showed a wet bias in the south due mainly to a higher frequency in 
the small daily rainfall events. A constant correction factor of -1.5 mm day-1 was 
applied between latitudes 37.5N and 39.5N. This correction factor was also applied to 
the future climate simulation at 25 km resolution. Concerning relative humidity the 
HIRHAM model presents drier values than the observed at the weather stations. In 
order to correct the relative humidity field the dew point temperature was evaluated 
and statistical significant differences were found. The HIRHAM model presents a cold 
bias in the dew point temperature fields and especially in the south of Portugal and in 
autumn. A correction factor was applied to the 12 km and to the 25 km simulation 
based on monthly discretization. The correction factors were applied to the reference 
and to the future climate simulations for both analysed resolutions. The validation 
procedure was complex but as fire severity is very dependent on the daily evolution of 
the fire weather variables this constituted a fundamental step to correctly assess and 
analyse the impact of future climatic scenario on fire weather risk. 
Spring is the season that will suffer the highest increases in terms of fire severity. The 
FWI index reachs more than 150 % increase in the districts of Guarda and Coimbra. In 
the south the autumn will be the most impacted season. All the districts will face at 
least a 100 % increase on the fire weather risk in spring except Lisboa, Setúbal, Beja 
and Faro. The results point to an anticipation of the fire season starting and an 
increase in its length. Regarding the spatial distribution, the north and central part of 
the country exhibit the highest enhancements on fire weather severity during the 
summer months. Another important feature is the increase in the 25th percentile of the 
FWI values expected with the future climate. This is an important indication on how 
climate change may impact not only the maximum values but also a positive shift in 
the minimum ones. 
Class frequency and percentile estimations of the FWI index were evaluated for both 
climates and for each Portuguese district at 12 km resolution. FWI projections point to 
an increase of the average and extremes values in all Portuguese districts. The 
obtained cumulative frequency functions clearly show the fire weather severity shifts 
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to higher values in a future climatic scenario. The districts of the north and centre 
show the highest increases in the FWI cumulative distribution. As the FWI index is 
closely related to the fire intensity level the projected impacts may deeply influence 
the fire suppression strategy and the vegetation dynamics. 
As was established in Chapter 3, the area burned and the number of fires in Portugal 
are strongly linked to the weather and the fire weather risk. So, it is expected that fire 
activity will increase with a changing climate. In the next chapter the area burned and 
the forest fire occurrences under a 2 x CO2 climatic scenario will be investigated. 
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5
5.1. Introduction 
 the forest fire 
activity over Portugal constitutes the main objective of this chapter.  
globe namely in Canada [Flannigan et al., 2005a] and USA [Price and Rind, 1994]. In 
Europe, this type of assessment has never been conducted.  
landscape fire models where fire ignition and spread is modelled explicitly and using 
estimate future fire activity [Flannigan et al., 2005a]. There are other factors such as 
. Climate change impacts on 
area burned and forest fire 
occurrences 
 
The increase on fire severity can deeply impact the number of fires and the area 
burned of a region. The way the future climate may interact with
The number of studies that have quantified the impacts of climate change on fire 
activity are very reduced and have only been carried out in specific regions of the 
There are a number of methods available to estimate future area burned. Options 
include using dynamic vegetation models that include a fire component in the model, 
historical relationships between observed area burned and the associated weather and 
fire weather indexes [Flannigan et al., 2005a]. In this work the latter method has 
been selected because successful relationships have been established between 
historical area burned and fire occurrences and the weather (§3.3.1, pp 44). These 
relationships can then be related to future RCM and GCM scenarios to provide 
estimates of future area burned and number of fires. However, there is the potential 
problem of extrapolation of relationships beyond the range of observed values. Hence, 
in a future analysis it is important to use dynamic models of climate and vegetation to 
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ignition agents, length of the fire season and fire management that will deeply 
influence the impact of climate change on fire activity [Flannigan et al., 2005b]. 
In Canada, based on the weather/area burned relationships established by Harrington 
et al. [1983] and Flannigan and Harrington [1988] and on the projections of the 
Canadian Climate Centre – CCC - model [Flato et al., 2000] and the HadCM3 model 
[Hulme et al., 1999], the area burned is projected to increase by 74 % to 118 % in a 
3 x CO2 scenario [Flannigan et al., 2005a]. The authors stressed that the achieved 
results suggest a significant increase in area burned in Canada that could have 
important implications on forests, forestry activities, community protection and carbon 
budgets. Wotton et al. [2003] also predicted that the people-caused ignitions would 
increase 18 % and 50 % for 2050 and 2100, respectively, for Ontario. In USA, Price 
and Rind [1994] suggested that the area burned would increase by 78 % for a 2 x CO2 
scenario based on a 44 % increase in lighting fire ignitions. Is now under development 
the projections of future area burned for North America in the scope of air quality 
impact assessment studies over the US [Hudman et al., 2007].  
The main objective of this study is to estimate the area burned and the number of fire 
starts in a 2 x CO2 climatic scenario, over Portugal, based on different spatial 
resolution climatic scenarios (12 km and 25 km). In order to enhance the spatial 
differentiation among the different Portuguese regions the analysis was done at the 
district level. 
 
5.2. Data and Methods 
To estimate future area burned and number of fires the regional climatic data 
described and analysed in Chapter 4 were used. Firstly, a summary analysis of the 
forest fire statistics is presented – Fire activity trends in Portugal. The used data and 
applied methodology is described under – Fire/weather relationships and applied 
climatic data. 
 
5.2.1. Fire activity trends in Portugal  
In Portugal, the annual average area burned between 2000 and 2005 was 107 % 
higher than the 1990s which was already 40 % higher than the 1980s annual average 
(Figure 5.1).  
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Figure 5.1 - Annual average area burned for the 1980s, 1990s and 2000-2005 period, by 
Portuguese district and for Portugal. Dashed line separates the districts vertical axis (left side) 
from the total Portugal vertical axis (right side). 
 
It is clear the increase of the anual area burned in the most recent years mainly 
because of the devastating 2003 and 2005 fire seasons. Castelo Branco, Setúbal, 
Portalegre, Évora, Beja, and Faro are the districts that faced the highest increases 
since the year 2000. The southern districts of Portalegre, Évora, and Beja show the 
largest increases in the area burned. The referred districts present favourable 
meteorological conditions to fire ignition and spreading, however the type of forestry 
of this region had an important role on its prevention. Though, in the last few years an 
increase of the area burned was observed in these regions and this may be closely 
connected to an alteration in social behaviour, i.e., there is an increasing brushland 
expansion in these areas due mainly to land abandonment, and the typical forest 
species, i.e., Cork oak (Quercus suber) and Holm oak (Quercus rotundifolia), resistant 
to fire, have been facing a decline. In addition, climate may also contribute to this 
trend. In terms of the average annual area burned, Portalegre district increased from 
331.3 ha in the 1990s to 12657.8 ha in the period 2000-2005. The most severe forest 
fire in the last 26 years occurred in Portalegre district in 2003 consuming almost 
41,100 ha of forest and brushlands (Figure 5.2). 
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Figure 5.2 - Number of large fires (area burned above 100 ha) and largest individual fire, 
between 1980 and 2005, by Portuguese district. 
 
According to Figure 5.2, the highest number of large fires (defined by the Portuguese 
authorities as over 100 ha of area burned) occurs in the Guarda district. The regions 
that experience the highest number of large fires do not necessarily experience the 
most severe ones. Viseu district has the second highest number of large fires but the 
most severe fire did not reach 4400 ha of area burned. It is important to point that 
the southern districts of Beja, Faro and Portalegre registered the largest individual 
fires with 25899 ha, 25894 ha and 41079 ha of area burned, respectively (Figure 5.2). 
The years of 1985, 1995, 1998, 2000, 2003 and 2005 accounted with more than 200 
large fires each. Usually the large fires are responsible for the majority of the area 
burned in Portugal despite its low frequency of occurrence. In 2003 and 2005 large 
fires accounted for 93.1 % and 85.1 % of total area burned, respectively. These 
occurrences represented less than 1 % of total number of fires [DGRF, 2006b]. 
 
5.2.2. Fire weather relationships and applied climatic data 
In Chapter 3 statistically significant correlations have been established between the 
area burned, the number of fires and the weather for 12 Portuguese districts. The 
obtained statistical models represent an adequate tool to estimate the area burned 
and the number of fires in Portugal. The climatic data and the fire weather risk 
projections presented in Chapter 4 were used as input to the developed statistical 
models. So, the regressions were used to estimate the monthly area burned and the 
monthly number of fires in the reference and in the future climate.  
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However, when applying the obtained regression models to the future climatic 
scenario the estimated values for area burned and the number of fires had no physical 
meaning. A detailed analysis of the fire weather and the FWI components revealed 
that these variables show a substantial increase in future climate (§4.3.2, pp 80). This 
is mainly related to the increase that some of the FWI components namely the BUI 
and the DC register in future climatic scenario restricting the range of application of 
the developed regression models. Hence, new regression models were established for 
the assessment of the impact of future climatic scenario on the area burned and on 
the number of fires. It is important to stress that the regression models developed in 
Chapter 3 represent the most adequate tool to evaluate the forest fire activity in 
Portugal under present climate conditions.  
Having in mind that the fire weather is one of the most important factor that control 
fire activity in Portugal, other variables that also presented high correlations with the 
area burned and the number of fires were considered in the new regression analysis.  
According to Viegas et al. [1992] the fine fuels are the most directly involved in the 
ignition and propagation of forest fires in Portugal. The fine fuel moisture code FFMC is 
a good indicator of the moisture content of fine fuels and is directly related to the 
ignition potential. Additionally, the monthly mean of the daily maximum temperature 
in Portugal is capable to explain alone approximately 71 % and 58 % of the monthly 
area burned and the monthly number of fires, respectively (Figure 3.6, pp 48). In this 
sense, the monthly mean of daily maximum temperature (TX) and the monthly mean 
of the daily mean fine fuel moisture code (FFMC) were the selected variables to 
forecast future area burned and number of fires in Portugal.  
The districts of Portalegre, Évora, and Beja were analyzed as a group because this 
increases the variance explained in the number of fire occurrences (as previously 
described in §3.3.2, pp 53). Using SAS software a multiple regression analysis was 
performed for each district with the natural logarithm of monthly area burned and the 
natural logarithm of monthly number of fires as the predictand and the monthly mean 
of daily maximum temperature and the monthly mean of daily FFMC as predictors. The 
analysis was performed at a 0.05 significance level. 
 
5.3. Results and Discussion 
In this section the projected area burned and number of fires under a future climatic 
scenario are presented. Firstly the projected area burned is discussed – Area burned in 
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a future climatic scenario; secondly the future number of fires are analysed – Number 
of fires in a future climatic scenario. 
 
5.3.1. Area burned in a future climatic scenario 
Table 5.1 presents the regression models obtained by multiple regression and the 
explained variance (in %) by TX and FFMC for the natural logarithm of monthly area 
burned for each district. All obtained regressions are highly significant indicating that 
the model explains a significant portion of the variation in the data. The variance 
explained for area burned ranges from 58 % to 71 % depending on the district. 
The obtained regression models were used to estimate the area burned for reference 
and future climate for both HIRHAM regional climate model spatial resolutions.  
 
Table 5.1 - Regression model selected by multiple regression for the natural logarithm of the 
monthly area burned (TX in degrees Celsius). 
District 
Regression model  
Ln(ab) 
Variance 
explained (%) 
N p 
Bragança FFMCTX 0119.0289.0245.3 ++−  59 300 <0.0001 
Vila Real FFMCTX 0593.0208.0248.4 ++−  61 300 <0.0001 
Porto FFMCTX 0555.0389.0961.7 ++−  58 300 <0.0001 
Viseu FFMCTX 0685.0246.0281.5 ++−  60 138 <0.0001 
Coimbra FFMCTX 0408.0338.0899.6 ++−  64 300 <0.0001 
Castelo Branco FFMCTX 0237.0317.0125.5 ++−  71 236 <0.0001 
Santarém FFMCTX 0140.0355.0452.6 ++−  67 180 <0.0001 
Lisboa FFMCTX 0174.0353.0245.6 ++−  64 300 <0.0001 
Portalegre, Évora and Beja FFMCTX 0149.0269.0351.4 ++−  58 300 <0.0001 
Faro FFMCTX 0257.0413.0732.8 ++−  63 300 <0.0001 
 
Table 5.2 presents the 2 x CO2/1 x CO2 area burned ratio predictions using the 
HIRHAM 12 km and 25 km simulations.  
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Table 5.2 - Ratio of 2 x CO2/1 x CO2 area burned, by district, using the HIRHAM model outputs 
at 12 km and 25 km resolution 
area burned ratio 
District 
12 km 25 km 
Bragança 7.51 7.35 
Vila Real 4.94 5.27 
Porto 6.97 7.14 
Viseu 6.40 5.74 
Coimbra 6.25 6.53 
Castelo Branco 6.69 7.09 
Santarém 5.11 5.81 
Lisboa 3.71 3.04 
Portalegre, Évora and Beja 3.88 4.19 
Faro 4.10 5.08 
All districts 5.56 5.72 
 
The 25 km simulation presents higher 2 x CO2/1 x CO2 area burned ratios than the 
12 km HIRHAM simulation for the majority of the analyzed districts. For all analyzed 
districts the HIRHAM 12 km simulation suggested an average ratio of 5.56 whereas 
the 25 km simulation has a ratio of 5.72. This is mainly related to the slightly higher 
increase of the FFMC index in the 25 km simulation. 
The Wilcoxon score test was applied in order to evaluate the statistical significance 
between the area burned ratios obtained for both analyzed spatial resolutions. At a 
0.05 significance level there is no statistical significant difference between both 
datasets. Table 5.3 presents the observed annual area burned for the 1980-1990 
period along with the predicted area burned for each district and all analyzed districts 
for the 2 x CO2 scenario. The 1980-1990 period was used for the reference climate 
validation (§4.3.1, pp 68) and is also considered in the area burned analysis. The area 
burned projections were based on the average ratios obtained from both simulations 
(from Table 5.2) because no statistical significant difference was detected between 
HIRHAM 2 x CO2/1 x CO2 ratios at 12 km and 25 km. In order to forecast future 
annual area burned the obtained average 2 x CO2/1 x CO2 ratios by district were 
multiplied by the average annual area burned observed between 1980 and 1990. 
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Table 5.3 - Annual area burned (ha) by district, observed in 1980-1990 period and predicted for 
the 2 x CO2 climate, considering the average 2 x CO2/1 x CO2 ratio between HIRHAM 12 km and 
HIRHAM 25 km simulations. Percent of total annual area burned by district for observed and 
2 x CO2 scenario and percent of increase in area burned in future scenario. 
Observed annual area 
burned in 1980-1990 
2 x CO2 area burned 
District 
(ha) (%) (ha) (%) 
(2 x CO2 – obs)/obs 
(%) 
Bragança 2804.5 5.3 20837.4 6.8 643 
Vila Real 5717.1 10.8 29185.8 9.5 411 
Porto 2970.5 5.6 20956.9 6.8 606 
Viseu 9064.7 17.1 55022.7 18.0 507 
Coimbra 11089.4 20.9 70861.3 23.2 539 
Castelo Branco 6897.5 13.0 47523.8 15.5 589 
Santarém 4160.6 7.9 22716.9 7.4 446 
Lisboa 5717.1 10.8 19295.2 6.3 238 
Portalegre, Évora and Beja 2017.6 3.8 8141.0 2.7 304 
Faro 2500.9 4.7 11479.2 3.8 359 
All districts 52939.9 100.0 306020.1 100.0 478 
 
The projections for the 2 x CO2 scenario point to a substantial enhancement of the 
area burned in the analyzed districts. Table 5.3 presents a strong increase of area 
burned particularly in Bragança and Porto districts showing increases of 643 % and 
606 %, respectively. Almost all districts exhibit enhancements in the area burned 
above 250 %. In the 1980s, Coimbra district already presented the highest 
percentage of contribution (20.9 %) to the overall area burned in the 12 analysed 
districts. In a 2 x CO2 scenario Coimbra also presents the highest contribution to the 
total area burned and, in addition, this contribution also increases (23.2 %). Almost all 
districts face an increase in the area burned percentage contributions to the total area 
burned except the districts of Lisboa, Santarém, and Faro and the southern region 
formed by Portalegre, Évora, and Beja. Vila Real district also shows a decrease in its 
contribution percentage. The results seem to point to a north/south dichotomy with 
higher increases in the north and central part and less in the south. This pattern was 
already detected in the fire weather severity projections.  
From 2000 to 2003, some districts in Portugal already experienced considerable 
enhancements in the area burned. In 2003 the districts of Lisboa, Beja, Portalegre, 
and Santarém faced area burned increases, relatively to the 2000-2002 annual 
average, of 373 %, 1197 %, 4812 % and 1164 %, respectively. The 2003 fire season 
was characterized by extreme fire weather conditions [Viegas et al., 2006; Trigo et al., 
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2006], which associated with physical and structural conditions led to a disastrous fire 
season in Portugal. 
The monthly distribution of the area burned for reference and future climate is 
presented in Figure 5.3 for Bragança and Coimbra districts. The remaining districts are 
presented in Appendix D. As can be seen these districts present a clear increase of the 
area burned during the summer months of June, July, August, and September. In 
addition, it is possible to detect the raise of the area burned at the beginning of the 
fire season in April and by the end of the summer in October. The increase that can be 
identified early in the year and in the beginning of the autumn may reflect what can 
be denominated as the anticipation of the fire season and its temporal extension. As 
detected in the reference climate, July and August exhibit the highest mean area 
burned values under future climatic scenario. 
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Figure 5.3 – Monthly area burned (ha) distribution for reference and future climate for a) 
Bragança and b) Coimbra districts. 
 
Table 5.4 presents the percentage of annual area burned in terms of forested land 
(forestry and shrubland) assuming that the actual forested area would be kept 
constant in future.  
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Table 5.4 - Percentage of annual area burned in terms of forested land (ha) between 1980 and 
1990 and for the future scenario. 
Percentage of forested area burned 
(%) District 
Forested area (ha) 
1980-1990 2 x CO2 scenario 
Bragança 374898 0.7 5.6 
Vila Real 271257 2.1 10.8 
Porto 121909 2.4 17.2 
Viseu 327455 2.8 16.8 
Coimbra 279824 4.0 25.3 
Castelo Branco 474940 1.5 10.0 
Santarém 424769 1.0 5.3 
Lisboa 93232 6.1 20.7 
Portalegre, Évora and Beja 1404895 0.1 0.6 
Faro 288730 0.9 4.0 
 
For the period between 1980 and 1990 the annual area burned in terms of the district 
forested area is highest in Lisboa (6.1 %) followed by Coimbra (4 %). By the end of 
the XXI century this percentage increases in all analysed districts and reaches its 
maximum in Coimbra with 25.3 % of the forested land being destroyed by the fire. 
 
5.3.2. Number of fires in a future climatic scenario 
Table 5.5 presents the statistical models obtained by multiple regression and the 
variance explained by TX and FFMC for the natural logarithm of the monthly number 
of fires. According to Table 5.5, the variance explained by TX and FFMC ranges from 
46 % in Portalegre, Évora, and Beja region to 69 % in Santarém. All districts present 
high statistical significant regression models for the natural logarithm of the monthly 
number of fires.  
 
 
 
 
 
 
 
104   
Climate change impacts on area burned and forest fire occurrences 
Table 5.5 - Regression model selected by multiple regression for natural logarithm of monthly 
number of fires (nf) (TX in degrees Celsius). 
District 
Regression model  
Ln(nf) 
Variance 
explained (%) 
N p 
Bragança FFMCTX 00331.0194.0696.1 ++−  51 300 <0.0001 
Vila Real FFMCTX 0399.0157.0735.2 ++−  54 300 <0.0001 
Porto FFMCTX 0542.0348.0843.6 ++−  49 300 <0.0001 
Viseu FFMCTX 0505.0137.0220.2 ++−  51 138 <0.0001 
Coimbra FFMCTX 0452.0196.0548.4 ++−  63 300 <0.0001 
Castelo Branco FFMCTX 0258.0179.0023.3 ++−  66 236 <0.0001 
Santarém FFMCTX 00740.0216.0736.3 ++−  69 180 <0.0001 
Lisboa FFMCTX 00895.0296.0287.4 ++−  47 300 <0.0001 
Portalegre, Évora and Beja FFMCTX 0180.0137.0393.2 ++−  46 300 <0.0001 
Faro FFMCTX 0199.0232.0737.4 ++−  53 300 <0.0001 
 
The obtained regression models were used to estimate the number of fires for 
reference and future climate for both HIRHAM regional climate model spatial 
resolutions. Concerning the number of fires both simulations present almost the same 
ratio of increase (Table 5.6). In average, for all analyzed districts the number of fires 
starts had a ratio of 3.17 for the 12 km simulation and 3.18 for the 25 km simulation. 
The number of fires projections were based on the average ratios obtained from both 
simulations (from Table 5.6) because no statistical significant difference was detected 
between HIRHAM 2 x CO2/1 x CO2 ratios at 12 km and 25 km. 
Table 5.6 - Ratio of 2 x CO2/1 x CO2 number of fires, by district, using the HIRHAM model 
outputs at 12 km and 25 km resolution 
Number of fires ratio 
District 
12 km 25 km 
Bragança 3.44 3.37 
Vila Real 3.18 3.33 
Porto 5.79 5.86 
Viseu 3.00 2.78 
Coimbra 3.24 3.29 
Castelo Branco 3.04 3.14 
Santarém 2.66 2.87 
Lisboa 2.98 2.50 
Portalegre, Évora and Beja 2.06 2.15 
Faro 2.26 2.55 
All districts 3.17 3.18 
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Table 5.7 presents the observed annual number of fires for the 1980-1990 period 
along with the predicted number of fires for each district and all analyzed districts for 
the 2 x CO2 scenario.  
 
Table 5.7 - Annual number of fires by district, observed in 1980-1990 period and predicted for 
the 2 x CO2 climate, considering the average 2 x CO2/1 x CO2 ratio between HIRHAM 12 km and 
HIRHAM 25 km simulations. Percent of annual number of fires by district for observed and 
2 x CO2 scenario and percent of increase in number of fires in future scenario. 
Observed annual number 
of fires in 1980-1990 
2 x CO2 number of fires 
District 
 (%)  (%) 
(2 x CO2 – obs)/obs 
(%) 
Bragança 154 3.2 524 2.9 241 
Vila Real 455 9.6 1481 8.2 226 
Porto 1334 28.1 7771 43.2 483 
Viseu 951 20.0 2748 15.3 189 
Coimbra 626 13.2 2044 11.4 227 
Castelo Branco 483 10.2 1492 8.3 209 
Santarém 205 4.3 567 3.1 177 
Lisboa 307 6.5 841 4.7 174 
Portalegre, Évora and Beja 131 2.8 276 1.5 111 
Faro 108 2.3 260 1.4 140 
All districts 4754 100.0 18004 100.0 279 
 
According to Table 5.7, in a 2 x CO2 scenario all districts show an increase in the 
number of fire starts. Porto district accounts with the highest contribution (43.2 %) to 
the total number of fires, as was already detected in the observed data (28.1 %). All 
districts register a decrease in its contribution to the total number of forest fires but 
Porto exhibits a 15 % increase. Within each district the percentages of increase in the 
number of fires are above 150 % except the southern region of Portalegre, Évora and 
Beja and Faro. The maximum is exhibited in Porto district with an increase of 483 %. 
The monthly distribution of the number of fires for both climatic scenarios is presented 
in Figure 5.4 for Bragança and Coimbra districts. The remaining districts are presented 
in Appendix D. As already identified in the area burned analysis the months of June, 
July, August, and September present the highest increases in the monthly number of 
fires due to climate change. It is interesting to see that the months of March and 
November register a clear increase on the number of forest fires in almost all districts. 
This represents an important outcome due mainly to the fire management 
repercussions that an anticipation of the fire season may lead to. These projections 
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clearly put in evidence the most demanding efforts of the fire agencies in order to face 
this new reality derived from climate change. 
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Figure 5.4 – Monthly number of fires distribution for reference and future climate for a) 
Bragança and b) Coimbra districts. 
 
From Table 5.3 and Table 5.7 it is possible to verify that each district shows higher 
percentages of increase in the area burned values than in the number of fires in a 
future 2 x CO2 scenario. Lisboa is the only district presenting similar percentages of 
enhancement in the number of fires and in the area burned. The average of increase 
concerning all districts is also higher for the area burned (478 %) than the number of 
fires (279 %). Additionally, each district presents its own pattern of raise. These 
results suggest a significant increase in area burned and in the number of fires in 
Portugal with potential important environmental, social and economic impacts.  
From the foreseen area burned and number of fires it is possible to estimate the 
average increase of the area burned by fire in future climate. In average between 
1980 and 1990 each fire consumed 11.1 ha of forest and shrubs. In a future climate 
the area burned by fire will be 17 ha. The increase of almost 6 ha of area burned per 
fire may represent a dramatic demand for the ecosystems and for the fire fighting 
resources. 
In this study not all districts were analyzed but the fire weather projections for a 
2 x CO2 scenario (§4.3.2, pp 80) point to an aggravation of these conditions in all 
Portuguese districts. The projected values for area burned and number of fires 
obtained in this study are much higher than the projections for Canada. In Canada, 
based on GCM outputs, it was projected that by the end of XXI century area burned 
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could increase from 74 % to 118 % in a 3 x CO2 scenario [Flannigan et al., 2005a]. 
Canada and Portugal have completely different climatology and fire statistics mainly 
related to different factors like fuel type, lighting conditions, forest management and 
suppression activities. In addition the climate change projections are stronger over 
southern Europe, namely Portugal, than in Canada [IPCC, 2007]. 
This study also revealed that the best historical relationships established between the 
area burned and the number of fires and the weather and the FWI components for 
current climatic conditions (Chapter 3) had to be re-evaluated in order to be applied 
under future climatic scenarios. The best tool to currently diagnose the forest fire 
activity in Portugal could not be applied based on the same assumptions in a 2 x CO2 
scenario. This may constitute an important outcome regarding the limitations of 
today’s developed statistical analysis and its application under future climatic 
scenarios.  
Some limitations can be pointed out. Besides the climate change projections 
uncertainties, the land use patterns and main fuel characteristics were considered 
constant from reference to future scenario. Changes in fuel load were also not 
considered and thus not allowing for the carbon dioxide fertilization on vegetation. 
Human behaviour and land-use changes in future climate were not considered in the 
fire ignitions (natural and anthropogenic) projection. The projected numbers of area 
burned and number of fires should take into account all these aspects. 
 
5.4. Summary and conclusions 
This work investigated the area burned and the number of fires over Portugal in a 
2 x CO2 scenario for two different spatial resolutions (12 km and 25 km) climatic 
scenarios. In order to project future area burned and number of fires, the already 
established relationships between the weather and the FWI System components and 
the area burned and fire occurrences between 1980 and 2004 had to be re-evaluated. 
The monthly mean of daily maximum temperature (TX) and the monthly mean of the 
fine fuel moisture code (FFMC) explained 58 % to 71 % of the variance in the monthly 
area burned and 46 % to 69 % of the monthly number of fires depending on the 
district. This study revealed that there are no statistical significant differences between 
the 12 km and the 25 km 2 x CO2/1 x CO2 ratios for area burned and number of fires. 
The results point to a substantial increase on the area burned and on the number of 
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fire starts ranging from 238 % to 643 % and 111 % to 483 %, respectively, 
depending on the district.  
The monthly distribution of the area burned and number of fires indicates that an 
earlier fire season starting may be expected under future climatic scenario. Some 
districts present increases on the monthly area burned in April. On the other hand, the 
increases on the monthly number of fires may be detected as early as February in 
some Portuguese districts like Viseu and Coimbra. These findings point to important 
modifications on the fire activity annual cycle over Portugal. In addition the average 
area burned by fire is projected to increase almost 6 ha.  
The environmental, social and economic costs of the projected increases in area 
burned and number of fires in Portugal can dramatically impact the organizational 
structures that deal with this problematic and the society in general. The impact of 
forest fire emissions to the atmosphere is also affected by the projected increases in 
area burned. Nowadays, the air quality forecasting system implemented in Portugal 
has been registered operational difficulties during the summer season due to the lack 
of forest fires emissions in the modelling system [Monteiro et al., 2005a]. 
Furthermore, the increase of the number of forest fires in the wildland-urban interface 
is conducting to a higher number of registered air pollution episodes in the air quality 
networks [Miranda et al., 2005d]. The potential impacts in the air quality management 
policies and international commitments already signed by Portugal, like the Kyoto 
Portugal, may have to be re-evaluated in order to include these new findings. 
In the next chapter the impact of climate change and future area burned on forest fire 
emissions and consequently on regional air quality will be assessed and discussed.  
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6
6.1. Introduction 
climate change is impacting the pollutants concentrations and its distribution in the 
ionships 
between emissions and chemical and physical processes in the atmosphere. 
tropospheric oxidant power and to its greenhouse effect [Gauss et al., 2006]. As a 
 effects on human health, crops production and natural 
areas [Keyes et al., 2001]. 
. Forest fire impacts on air 
quality in a future climatic 
scenario  
 
Anthropogenic and biogenic emissions are responsible for photo-oxidants, particulate 
matter and acidifying gases concentration’s increases, which may influence climate at 
regional scale, and vice-versa. The regional distribution of the air pollutants 
concentrations is very important since it affects human health, vegetation and 
animals. Anthropogenic emissions are leading climate change; on the other hand 
atmosphere. This feedback mechanism forms a non-linear loop of relat
Among these atmospheric chemical species, O3 is of primary concern due to its 
result of the increase of ozone precursor’s emissions, namely nitrogen oxides, 
tropospheric ozone concentrations doubled since the end of the XIX century [Brasseur 
et al., 2003]. Ozone is an extremely reactive chemical that has been shown to reduce 
visibility and have harmful
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Particulate matter is an air pollutant consisting of particles that can be solid, liquid or 
both, and represent a complex mixture of organic and inorganic substances. These 
particles vary in size, composition and origin. The coarse fraction is called PM10 
(particles with an aerodynamic equivalent diameter smaller than 10 µm) and the 
smaller or fine particles are called PM2.5 (with an aerodynamic equivalent diameter 
smaller than 2.5 µm). The size of the particles also determines the time they spend in 
the atmosphere. While sedimentation and precipitation removes PM10 from the 
he stable atmosphere over northern parts of 
containing sulfate, scatter sunlight back to space, thus cooling the 
 namely through the application of 
atmosphere within few hours of emission, PM2.5 may remain there for days or even a 
few weeks. Consequently, these particles can be transported over long distances. 
High levels of PM are associated with adverse health effects, ecosystem damage, and 
degraded visibility [Goswami et al., 2002; Andersen et al., 2004]. According to the 
most recent report on PM transboundary pollution in Europe [EMEP, 2007], 50 % of 
the sites reported higher annual mean concentrations of PM10 in 2005 compared to 
2004, and for the majority of these sites the increase was above 10 %. The higher 
PM10 and PM2.5 levels can only partly be explained by emission increases in a few 
countries, while the largest increase is due to meteorological conditions, i.e. by 
suppression of pollutants dispersion in t
Russia and by smaller wet deposition due to less precipitation over most of Europe in 
2005 compared to 2004 [EMEP, 2007].  
Particulate matter may also play an important role in climate change. Some types of 
PM may heat the atmosphere, while other particles may have a cooling effect [IPCC, 
2007]. Climatologists work to try to better understand the sum of the effects of the 
varying types of PM on global climate change. PM containing black carbon (often 
referred to as “soot”) is due to incomplete combustion of fossil fuels or biomass. 
According to the IPCC [2007] black carbon absorbs solar radiation very effectively, 
and may contribute to climate change. On the other hand, some of the particulates, 
such as those 
atmosphere. Regardless of their impact on the climate, particulates are still harmful to 
human health. 
The impact of climate change on air quality, namely on O3 and PM10 levels, is one of 
the main threats to the sustainable development particularly in what concerns human 
health and environmental resources. The majority of the work on climate/chemistry 
interactions has been done at global scale
Chemistry Transport Models (CTMs) and Climate Chemistry Models (CCMs). Few 
studies have been done at the regional scale.  
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Hogrefe et al. [2004] present the results for the Eastern United States through 
downscalling from global to regional scale. The authors analyzed the impacts of 
regional climate change on air quality and concluded that the simulation for five 
summers in the 2020s, 2050s and 2080s indicates that summertime average daily 
maximum 8-hour ozone concentrations increases by 2.7, 4.2 and 5.0 ppb, 
respectively. In Europe, Zlatev [2002] and Langner et al. [2005] present the first 
studies at regional scale. These studies considered only the impacts of a changing 
climate on air quality, keeping constant the emissions rate. Both studies point to an 
increase on photochemical production in future climatic scenarios. In Portugal, this 
topic was addressed through the application of a cascade of models from global to 
regional scale to episodic situations [Borrego et al., 2000; Carvalho, 2006]. The 
results point to an increase of the number of days that are favourable to 
photochemical production in a future scenario and an increase in ozone average 
concentrations and its variability. Hauglustaine et al. [2005] suggest that O3 could 
increase during the 21st century as a direct consequence of enhanced anthropogenic 
emissions of O3 precursors like NOx, carbon monoxide (CO) and volatile organic 
compounds (VOCs). An evaluation of the high-emissions IPCC SRES A2 emissions 
scenario showed global mean surface O3 increases of about 5 ppb by 2030 and 20 ppb 
by 2100 [Prather et al., 2003]. Based on the ensemble mean of 26 global atmospheric 
chemistry-transport models, Dentener et al. [2006] predicted that by 2030, global 
surface ozone may increase globally by 4.3±2.2 ppb for the IPCC SRES A2 scenario. 
The same study points out that the more polluting SRES A2 scenario would 
compromise the attainment of any existing air quality standard in most industrialized 
 climatic scenario forest fire activity is predicted to increase in the 
parts of the world by 2030. Under the SRES A2 scenario, Szopa et al. [2006] 
estimated that by 2030, the O3 levels in July may increase up to 5 ppb over Europe.  
In a changing
Iberian Peninsula and hence higher emissions of pollutants to the atmosphere would 
be expected. 
Smoke is considered as one of the several disturbing effects of forest fires. Its impacts 
on air quality and human health can be considerable because large amounts of 
pollutants are emitted into the atmosphere. Smoke from forest fires include CO2, CO, 
CH4, NOx, ammonia (NH3), PM, non-methane volatile organic compounds (NMVOCs), 
sulphur dioxide (SO2) and other chemical species [Crutzen and Andreae, 1990; 
Miranda et al., 2005a]. The effects of these emissions are felt at different levels: from 
the contribution to the greenhouse effect to the occurrence of local atmospheric 
pollution episodes [Miranda et al., 1994; Borrego et al., 1999; Simmonds et al., 
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2005]. Air pollution episodes related to forest fire activity have been investigated by 
several studies in Europe [Miranda, 1998; Miranda, 2004; Hodzic et al., 2007]. In a 
terns to the regional scale is essential [Mearns 
on the air quality over Portugal. The MM5/CHIMERE [Schmidt et al., 
001; Grell et al., 1994] air quality modelling system has been applied to assess these 
relationships.  
osphere is presented 
 Monitored air quality data. The selected air quality numerical system and the 
simulation conditions are then described – Air quality modelling.  
 
itionally, the methodology 
changing climatic scenario forest fires may become an even larger source of air 
pollutants to the atmosphere [Amiro et al., 2001a].  
To study climate change impacts on forest fire activity and consequently on air quality, 
namely on O3 and PM concentrations, it is very important to have climatic scenarios 
with high temporal and spatial resolution, due mainly to the significance that 
meteorological variables have on ozone chemical mechanism and on PM dispersion 
and removal from the atmosphere, but also due to the regional patterns of ozone 
precursors emissions. In addition, the regional distribution of the air pollutants 
concentrations is very important since it affects human health, vegetation and 
animals. In this scope, and in what concerns impact assessment studies, the 
downscalling of large-scale climatic pat
et al., 2003]. In this study a limited area of the globe is represented at a very high 
resolution with a mesoscale model. 
The interaction between climate change, forest fires, area burned, air pollutant 
emissions and the associated impacts on air quality is still poorly understood. In this 
sense, this study intends to evaluate the effect of a changing climate and future forest 
fire emissions 
2
 
6.2. Data and Methods 
Firstly, a brief analysis of the pollutants concentrations in the atm
–
6.2.1. Monitored air quality data  
In this section the air quality data monitored between 1995 and 2005 is presented. It 
should be noted that before 1995 the air quality data availability is scarce and 
confined to the coastal regions of Porto and Lisbon. Add
applied to investigate the relationship between the forest fire activity and the air 
polluttants concentrations in the atmosphere is described.  
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The nitrogen dioxide (NO2) and the PM10 levels in the atmosphere were the selected 
pollutants to assess the influence of forest fire activity on air quality. These pollutants 
ach district several air quality stations were 
onsidered. Figure 6.1 presents the air quality stations used in the analysis. Only the 
background stations were considered. 
 
are directly emitted by the forest fires and thus may be better related to potential 
impacts on air quality. 
NO2 and PM10 concentration values were monitored at the air quality network between 
1995 and 2005, and the area burned and the number of fires by district were gathered 
for the same period. This analysis was focused in three different periods: annual, June 
to September (JJAS) and August. The daily area burned and the number of fires were 
correlated with the daily average PM10 concentrations and the daily maximum NO2 
values, registered at each air quality station, by district. Air quality data were available 
at twelve districts in Portugal. For e
c
 
(Figure 6.1 - Air quality stations location dot points) and Portuguese districts identification. 
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Figure 6.2 presents the NO2 and PM10 data availability between 1995 and 2005 by 
station. As can be noted and considering the minimum monitoring acquisition 
fficiency of 90 % for PM10 and 75 % for NO2 [EC, 2002], the data availability is quite 
different among all analysed background stations. Some stations namely in Faro 
di
 
e
strict only have one year of data. 
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Figure 6.2 - Data availability for a) PM10 and b) NO2 between 1995 and 2005 by station. 
 
Concerning PM10, during this period the maximum value of daily mean PM10 
concentrations was attained at Leiria district (Ervedeira station), 360 µg m-3 and the 
75th percentile was always below 50 µg m-3, except in Aveiro district (not shown). The 
NO2 values registered the highest maximum concentrations in the urban districts of 
Lisboa, Aveiro, Setúbal, and Porto. This reflects the influence of traffic emissions on 
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the measured values at the air quality stations. It is important to stress that some of 
the stations used in the analysis reflect an urban background atmosphere. Concerning 
the monthly distribution, the median of the NO2 maximum concentrations exhibits a 
the PM10 levels in the 
tmosphere and the forest fires the Spearman correlation coefficient was estimated 
between the pollutant concentration and the area burned and the number of fires. All 
t at a 0.05 significance level.  
 al., 2005] simulations for the reference and 
e IPCC SRES A2 climatic scenario were used to driven the MM5/CHIMERE modelling 
system. The forest fire emissions for both scenarios were estimated and considered in 
s been used worldwide 
slight decrease during the months of May, June, July, and August. This fact may be 
closely related to the increase of the photochemical production and the consumption 
of NO2 in specific chemical reactions like the ozone formation at the surface. 
In order to evaluate the relationship between the NO2 and 
a
results are statistically significan
 
6.2.2. Air quality modelling 
The MM5/CHIMERE was the applied air quality modelling system for reference and 
future climatic scenario. This numerical system has been widely tested and 
successfully used over Portugal [Monteiro et al., 2005b; Monteiro et al., 2007; 
Monteiro, 2007]. The HadAM3P [Jones et
th
the air quality simulations over Portugal. 
 
The MM5/CHIMERE modelling system application 
The air quality modelling application was performed using the chemistry-transport 
model CHIMERE [Schmidt et al., 2001; Bessagnet et al., 2004], forced by the 
mesoscale model MM5 [Grell et al., 1994]. The MM5 model ha
in several regional climate studies [Leung and Ghan, 1999; Boo et al., 2004; Leung et 
al., 2004; Van Dijck et al., 2005]. CHIMERE has also been applied in climate change 
impact assessment studies over Europe [Szopa et al., 2006].  
The Fifth-Generation Penn State University/National Center for Atmospheric Research 
(PNU/NCAR) Mesoscale Model, known as the MM5, is a nonhydrostatic, vertical sigma-
coordinate model designed to simulate mesoscale atmospheric circulations. MM5 has 
multiple nesting capabilities, availability of four-dimensional data assimilation (FDDA), 
and a large variety of physics options. The selected MM5 physical options were based 
on the already performed validation and sensitivity studies over Portugal [Ferreira et 
al., 2004; Aquilina et al., 2005; Carvalho et al., 2006b] and over the Iberian Peninsula 
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[Fernandez et al., 2007]. Fernandez et al. [2007] performed a series of experiments 
aimed to test the capability of the MM5 in simulating climate conditions over the 
Iberian Peninsula, through a set of sensititivy experiments including the response to 
different convective schemes and surface process parameterizations. The MM5 model 
ge of coniferous and broadleaf 
generated the several meteorological fields required by CHIMERE model, such as wind, 
temperature, water vapour mixing ratio, cloud liquid water content, 2 m temperature, 
surface heat and moisture fluxes and precipitation.  
CHIMERE is a tri-dimensional chemistry-transport model, based on the integration of 
the continuity equation for the concentrations of several chemical species in each cell 
of a given grid. It was developed for simulating gas-phase chemistry [Schmidt et al., 
2001], aerosol formation, transport, and deposition [Bessagnet et al., 2004; Vautard 
et al., 2005] at European and urban scales. The meteorological input variables driven 
by the MM5 model are linearly interpolated to the CHIMERE grid. In addition to the 
meteorological input, the CHIMERE model needs boundary and initial conditions, 
emission data, and the land use and topography characterization. The non-methane 
volatile organic compounds (NMVOCs) are disaggregated into 227 individual VOCs 
according to the speciation suggested by Passant [2002] for each activity sector. The 
methodology for biogenic emissions of isoprene and terpenes is described in Schmidt 
et al. [2001]. The land use database comes from the Global Land Cover Facility 
[Hansen et al., 2000], providing the grid cell covera
forests. The Stohl et al. [1996] methodology is used for biogenic emissions of nitrogen 
monoxide (NO) from fertilized soils. The model simulates the concentration of 44 
gaseous species and 6 aerosol chemical compounds.  
The gas-phase chemistry scheme, derived from the original complete chemical 
mechanism MELCHIOR [Lattuati, 1997], has been extended to include sulfur aqueous 
chemistry, secondary organic chemistry and heterogeneous chemistry of HONO and 
nitrate [Hodzic et al., 2005]. The population of aerosol particles is represented by a 
sectional formulation, assuming discrete aerosol size sections and considering the 
particles of a given section to be internally mixed. Six diameter bins ranging between 
10 nm and 40 µm, with a geometric increase of bin bounds, are used. The aerosol 
model accounts for both inorganic and organic species, of primary or secondary origin, 
such as primary particulate matter (PPM), sulfates, nitrates, ammonium, secondary 
organic species (SOA) and water. PPM is composed of primary anthropogenic species 
such as elemental and organic carbon, and mineral materials. The CHIMERE model 
requires hourly spatially resolved emissions for the main anthropogenic gas and 
aerosol species. For the simulation over Europe, the anthropogenic emissions for NOx, 
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CO, SO2, NMVOC and NH3 gas-phase species, and for PM2.5 and PM10 are provided by 
the EMEP (Co-operative Programme for Monitoring and Evaluation of the Long-range 
Transmission of Air Pollutants in Europe) [Vestreng, 2003] with a spatial resolution of 
50 km. The national inventory INERPA was used over the Portugal domain [Monteiro 
et al., 2005b]. This inventory takes into account annual emissions from line sources 
(streets and highways), area sources (industrial and residential combustion, solvents 
as 
ithin-domain erosion, are considered using the formulation of Vautard et al. [2005]. 
For the Portugal domain, boundary conditions are provided by the European scale 
simulation. The MM5/
 
MERE simulation defi  
  (D1) in (D2) 
and others) and large point sources (with available monitoring data at each industrial 
plant). Time disaggregation was calculated by the application of monthly, weekly, and 
hourly profiles obtained in the scope of the GENEMIS Project [GENEMIS, 1994].  
In the present analysis, the CHIMERE model was applied first at the European scale 
(with 50 x 50 km2 resolution) and then over Portugal using the same physics and a 
simple one-way nesting technique, with 10 x 10 km2 horizontal resolution. The vertical 
resolution consists of eight vertical layers of various thicknesses extending from 
ground to 500 hPa, with the first layer at 50 m. Lateral and top boundaries for the 
large-scale run were obtained from the LMDz-INCA (gas species) [Hauglustaine et al., 
2004] and GOCART (aerosols) [Ginoux et al., 2001] global chemistry transport 
models. Transport of Saharan dust from the GOCART boundary conditions, as well 
w
CHIMERE simulation characteristics are exhibited in Table 6.1. 
Table 6.1 – MM5 and CHI nitions.
 European domain Portuguese doma
Dimensions (X,Y) 96 x 81 cells 73 x 109 cells 
Horizontal resolution 
ertical resolution 
hysics 
n scheme n scheme 
mulus scheme mulus scheme 
M
M
5
 
e moisture scheme oisture scheme 
ells ells 
54 km 9 km 
V 25 sigma levels 25 sigma levels 
P MRF PBL scheme MRF PBL scheme 
 RRTM radiatio RRTM radiatio
 Grell cu Grell cu
 Simple ic Graupel m
Dimensions (X,Y) 47 x 79 c 29 x 58 c
Horizontal resolution 50 km 10 km 
C
H
IM
E
R
E
 
Vertical resolution 8 levels 8 levels 
Chemical mechanism Melchior Melchior 
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In order to simulate the impact of climate change on air quality the MM5/CHIMERE 
modelling system was forced by the Hadley Centre global atmospheric circulation 
model HadAM3P [Jones et al., 2005]. The Hadley Centre’s HadAM3P (2.5º latitude by 
2.5º longitude resolution) is a successor version of the HadAM3H model [Pope et al., 
2000; Jones et al., 2001], that is an improved version of the atmospheric component 
of the latest Hadley Centre coupled Atmosphere-Ocean General Circulation Model 
(AOGCM), HadCM3 [Gordon et al., 2000]. The sea surface temperatures (SSTs) used 
in the HadAM3P reference simulation were taken from a gridded data set of monthly 
mean observations covering the period 1960-1990 [Jones et al., 2003]. The climate 
 dynamical downscalling using the outputs of 
adAM3P, as initial and boundary conditions to the MM5 model (Figure 6.3). The MM5 
model requires initial and time evolving boundary conditions for wind components, 
re. MM5 also 
requires th
 
change simulation used SSTs from an existing HadCM3 simulation applying the 
obtained monthly anomalies to the 30 year averaged gridded monthly mean observed 
climatology. The HadAM3P simulations for reference and future climatic scenarios are 
freely available through the Met Office Hadley Centre, United Kingdom. 
Reference (1990) and the IPCC SRES-A2 climatic scenario (2100) over Europe and 
over Portugal were simulated by
H
temperature, geopotential height, relative humidity and surface pressu
e specification of SSTs.  
 
HadAM3P global simulations
1961-1990 and 2071-2100 SRES A2 scenario
MM5 model
Europe (54x54 km2) and Portugal (9x9 km2) domains
CHIMERE model
Europe (50x50 km2) and Portugal (10x10 km2) domains
 
Figure 6.3 – Flowchart of the air quality modelling application. 
 
The integration between the HadAM3P outputs and the MM5 model was set through a 
programming stage that was implemented in order to convert, interpolate and 
generate the pressure levels and the data formats requirements needed for the MM5 
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simulations. The downscalling of the HadAM3 model outputs to the MM5 model has 
already been carried out for the regional climate change simulations over South 
America [Solman et al., 2007].  
To better evaluate the influence of the future fire activity on air quality, the 
anthropogenic emissions were kept constant in the simulations for the 2100 scenario. 
The emissions were not scaled in accordance to the IPCC SRES A2 scenario. The air 
quality simulations assumed no changes in regional anthropogenic emissions of the 
chemical species primarily involved in the chemical reactions of ozone formation and 
destruction, but only accounted for changes in the climate. This idealized regional 
model simulation provides insights into the contribution of possible future climate 
mulation 
did t
The M st r 30th for 1990 
and 2100. Over Portugal the simulation design comprised three approaches:  
? Control simulation (C1) – 1990 climate and 1990 forest fire emissions; 
0 climate and 2100 forest fire emissions.  
 this sense and in order to assess the impact on air quality it is possible to analyse 
 change and the impact of both climate change and 
future forest fire emissions. 
imation 
ontribute to uncertainties of 
defined as the ratio of carbon released as CO2 to total carbon present in the fuel. In 
changes on ozone and particulate matter concentrations. The forest fire emissions 
were just included in the simulation over Portugal. The European domain si
no  take into account these emissions. 
 M 5/CHIMERE simulations were conducted from May 1  to Octobe
? Scenario 1 (S1) – 2100 climate and 1990 forest fire emissions;  
? Scenario 2 (S2) – 210
In
the changes only due to climate
 
Forest fire emissions est
Forest fire emissions depend on multiple and interdependent factors like forest fuels 
characteristics, burning efficiency, burning phase, fire type, meteorology, and 
geographical location.  
Fuel type and load are one of the most important factors affecting fire emissions. 
Variations in fuel characteristics and consumption may c
30 % in estimates of wildfires emissions [Peterson, 1987; Peterson and Sandberg, 
1988]. This is a critical factor when describing forest fuels because available fuel mass 
depends on the location, fuel type and time of the year.  
Burning efficiency is also a significant fire emissions parameter, which is usually 
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laboratorial and field experiments, the burning efficiency can be expressed as the 
fraction burned related to the total biomass available. Models to estimate forest fire 
missions are frequently based on emission factors, burning efficiency, fuel loads and 
area burned. Generically, emissions can be estimated through the Equation 6.1: 
ii EFβBAE ×××=           (6.1) 
here, Ei – compound i emissions [g]; A – area burned [m2]; B – fuel load  
[kg m-2]; β – global burning efficiency; EFi – compound i emission factor [g kg-1]. 
SPREAD Project - Forest Fire Spread Prevention and Mitigation 
iranda et al., 2004; Miranda et al., 2005c] and the Gestosa experimental field fires 
[Viegas et al., 2002]. 
 
Table 6.2 - Fuel load io ble for Portuguese forest 
and shrub characteri da et al., 2004; Miranda et al., 2005c]. 
Emission factor (g kg-1) 
e
 
 
w
 
The selected fuel load, combustion efficiency and emission factors for CO, CH4, PM10, 
PM2.5, non-methane hydrocarbons (NMHC) and NOx are the most adequate for the 
Portuguese land use types (Table 6.2). This data was gathered under the scope of the 
European Commission 
[M
, combust n efficiency a
stics [Miran
nd emission factors suita
Fuel 
Fuel load 
(kg m-2) 
ustion 
efficiency 
CO  CO CH4 NMHC PM 5 PM  NOx 
Comb
2 2. 10
Shrub 1.00 0.80  1477 82 4 9 9 10 7 
Resinous 8.60 0.25 1627 75 6 5 10 10 4 
Deciduous 1.75 0.25 1393 128 6 6 11 13 3 
Eucalyptus 3.90 0.25 1414 117 6 7 11 13 4 
 
Firstly the ratio between the area burned in forest stands and shrubs has been 
estimated based on the 1980-1990 fire activity records at district level. These ratios 
were kept constant for the forest fire emissions estimation under future climate. Based 
on the national forestry inventory [DGRF, 2006a] the forest stands percentage of 
resinous, deciduous and eucalyptus by district was also considered.  
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The annual forest fire emissions were estimated for 1990 and for 2100 climates and 
then included in the CHIMERE model application over Portugal. The annual forest fire 
emissions were uniformly distributed by district in accordance to the annual average 
area burned observed in 1980-1990 and projected for the 2071-2100 period. Monthly 
and hourly profiles of forest fire activity were considered in the emissions temporal 
disaggregation. For the reference simulation, the monthly profiles were estimated 
ased on the monthly area burned registered between 1980 and 1990 in Portugal. The 
monthly area burned estimates between 2071 and 2100 (Appendix D) were used to 
 
Table 6.3 – Monthly distribution of the area burned for both climatic scenarios used to distribute 
the ann rest fire em
nth  – 1990  - 2100 
b
calculate the monthly profiles under the IPCC SRES A2 scenario (Table 6.3).  
ual fo issions. 
Mo 1980
(%) 
2071
(%) 
1 0.2 0.0 
2 0.2 0.1 
3 0.3 0.2 
4 0.4 0.4 
5 0.4 2.6 
6 2.7 12.5 
  
8 34.9 34.4 
9 28.8 13.0 
7 28.3 35.2
10 3.8 1.4 
11 0.1 0.2 
12 0.0 0.0 
 
Some studies suggest that biomass burning exhibits a pronounced diurnal cycle with 
peak emissions during the afternoon and very low emissions during the night [Eck et 
al., 2003; WRAP, 2005]. The hourly smoke emissions (Table 6.4) were estimated 
using the WRAP diurnal profiles [WRAP, 2005]. Table 6.4 consists of a percent of fuel 
onsumed for each hour of the day. It is important to note that it was not considered 
any differentiation among working days and weekends since no reliable information 
as gathered for forest fire activity on this subject.  
 
 
c
w
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Table 6.4 – Diurna istribution of fuel consump used ribute forest fire emissions 
[WRAP, 2
ur  hour r  hour 
l d tion to dist
005] 
Ho % per Hou % per
1 0.57 13 10.0 
2 0.57 14 13.0 
3 0.57 15 16.0 
4 0.57 16 17.0 
5 0.57 17 12.0 
6 0.57 18 7.00 
7 
8 0.
0.57 
57 
19 
20 
4.00 
0.57 
9 0.57 21 0.57 
10 2.00 22 0.57 
11 4.00 23 0.57 
12 7.00 24 0.57 
 
According to the WRAP [2005] analysis the daily emissions peak is attained at 16 LST 
and the minimum values are registered during the night. To estimate the hourly forest 
fire emissions the same diurnal profile was applied for reference and future scenario. 
l consumption data registered for forest fires events in USA. This type 
of information is still reduced for Portuguese forest fires. Although, data gathered for 
forest fires events suggests that the peak ignitions occurs between 14 and 17 LST 
 
ario is presented and analysed - Forest fire emissions in a future 
climatic scenario. Finally, the impacts of climate change and forest fire emissions on 
quality modelling are discussed - Air quality impacts 
6.3.1.  Relationship between forest atmospheric pollutants  
number of fires between 1995 and 2005. All results are statistically significant at a 
It is important to stress that the diurnal distribution of the forest fire emissions is 
based on the fue
[DGRF, 2007].  
6.3. Results and Discussion 
In this section the correlation analysis between the forest fire activity and the 
atmospheric pollutants concentrations is discussed - Relationship between forest fires 
and atmospheric polluttants. The forest fire emissions estimation for the reference and 
future climatic scen
air quality addressed through air 
assessment. 
 
 fires and 
The SAS program version 9.1.3 was used to estimate the Spearman correlation 
coefficients between the PM10 and NO2 concentrations and the area burned and the 
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0.05 significance level. Figure 6.4 and Figure 6.5 presents the obtained Spearman 
coefficients for PM10 and NO2, respectively, by station and for the analysed time 
eriods. The stations not presenting any value for a specific time period indicates that 
the obtained results were not statistically significant. 
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b) 
Figure 6.4 - Spearman coefficient between the daily average PM10 concentration, and the area 
burned a) and the number of fires b), by station, for the 1995-2005 period. 
 
The best correlations for the PM10 daily average were obtained for the number of fires 
and for August (Figure 6.4). All stations, except Lamas de Olo, in Vila Real district, 
exhibit an increase in the Spearman coefficients from the annual basis to the month of 
August. The districts of Porto, Braga, and Aveiro present the highest correlation 
coefficients between the PM10 daily average and the number of fires. From 1995 to 
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2005, Porto district registered the highest number of forest fire occurrences 
accounting for 22 % of the total, followed by Braga with 14 % and Aveiro 7 %. The 
highest Spearman coefficients were obtained in August at Centro de Lacticínios (0.88), 
Calendário (0.71), Santo Tirso (0.70) and Chamusca (0.68) stations. It should be 
noted that the data availability at these stations (Figure 6.2) is reduced from one to 
three years maximum. The relationship between PM10 daily average and area burned 
is not as high. The best correlations were also obtained for the month of August and 
 the NO2 levels in the atmosphere. The analysis for the NO2 daily 
(0.68) between the area burned and the NO2 maximum 
oncentrations. The correlations obtained for the area burned and number of fires do 
not differ significantly.  
 
 
the maximum value was attained at Centro de Lacticínios (0.85) station in Porto 
district.  
Figure 6.5 presents the correlation coefficients between the area burned and the 
number of fires and
maximum concentrations revealed that the obtained correlations were lower than for 
the PM10 analysis.  
The analysis based on the annual data showed that all the stations located in the 
Lisbon district presented a negative correlation with the area burned and the number 
of fires. In addition, the majority of the stations did not present statistically significant 
correlations for the summer period. In Lisbon district most of the analysed stations 
were classified as urban background. The large amount of NOx emissions released 
from traffic is clearly influencing the correlations on the annual basis. The highest 
correlation factors were obtained in August reaching almost 0.60 in the districts of 
Aveiro, Braga, and Coimbra. Lamas de Olo station, located in the Vila Real district, is a 
good indicator of the influence of forest fire emissions in the rural background 
environment. It is possible to see a clear increase on the correlation coefficients 
obtained for the annual, JJAS and August periods. This station registered the highest 
Spearman correlation 
c
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area burned vs NO2
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b) 
Figure 6.5 - Spearman coefficient between the daily maximum NO2 concentrations, and the area 
burned a) and the number of fires b), by station, for the 1995-2005 period. 
 
The performed correlation analysis revealed that for both studied pollutants the best 
correlations were obtained for the month of August. This should be mainly related to 
the fact that the forest fire activity is highest in this month. The month of August 
accounted for 53 % and 30 % of the total area burned and the number of fires, 
respectively, registered between 1995 and 2005. 
The obtained results point to statistically significant correlations between fire activity 
in Portugal and PM10 and NO2 levels in the atmosphere. PM10 levels presented higher 
correlations with the forest fires in Portugal and this is an important outcome of the 
performed analysis. PM10 are a good indicator of forest fires impact on air quality over 
Portugal. 
 
   127 
Forest fire impacts on air quality in future climatic scenario 
6.3.2. Forest fire emissions in a future climatic scenario 
Forest fire emissions estimation, for reference and future scenario, was based on the 
annual area burned presented in Table 5.3 (§5.3.1, pp 102) and on data exhibited in 
Table 6.2.  
Table 6.5 shows the comparison between forest fire emissions and the industry and 
transport emissions for the year 1990.  
 
Table 6.5 - Comparison between anthropogenic and forest fire emissions (Gg) for the year 
1990. 
Source CO2 CO CH4 NMHC PM2.5 PM10 NOx 
Forest fires 1007.4 62.4 3.7 4.4 6.8 7.4 3.1 
Industry 33513.4 69.2 23.9 147.2 35.5 51.2 111.0 
Transport 9827.7 511.0 3.5 118.1 8.5 8.5 111.7 
Forest fires/total (%) 2.3 9.7 11.9 1.6 13.4 11.1 1.4 
 
Forest fires may represent a considerable percentage of the total emissions, reaching 
up to 11.9 % for CH4 and 13.4 % for PM2.5. Miranda et al. [2007] concluded that in the 
year 2003 because of the severe area burned the forest fire emissions accounted for 
40 % of the CO and CH4 total emissions.  
Figure 6.6 presents the estimated emissions for both scenarios. All districts suffer a 
substantial increase in emissions due to the projected raises on the area burned 
[Carvalho et al., 2007c]. This increase on the forest fire emissions is proportional to 
the area burned projections discussed in Chapter 5. 
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Figure 6.6 – Annual forest fire emissions (ton), by district, for reference and future climate. 
 
All analysed pollutants present increases in its emissions leading to the greenhouse 
gases enhancement in the atmosphere. CO, CO2, and CH4 emissions were converted 
into CO2 equivalent emissions based on the global warming potential (GWP) for a 100 
years’ time horizon [IPCC, 1995] (Figure 6.7). 
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Figure 6.7 - CO2 equivalent emissions (Mton), by district, for reference and future climate. 
 
The annual CO2 equivalent emissions derived from forest fires account for 1.27 Mton 
for the 1980-1990 period and 7.44 Mton in a 2 x CO2 scenario. This represents an 
overall increase of approximately 500 %.  
The GHGs inventory that each EU Member State has to submit to the United Nations 
Framework Convention on Climate Change (UNFCCC) refers to six categories: energy, 
industrial processes, solvent and other product use, agriculture, land-use change and 
forestry (LUCF) and waste. According to the IPCC [2000], the LUCF category considers 
good practice to estimate CO2 and non-CO2 emissions from biomass burning on 
managed forestland. According to this methodology, in a large period of time (20 
years) the net CO2 flux may be zero, if the disturbed areas are reforested and the sink 
capacity restored. In a shorter time period, the carbon release is not immediately 
recaptured by the forest re-growth, and the uptake of the quantity of carbon released 
in a fire by the forest re-growth may take several years. Such an estimate implies a 
better knowledge of the average carbon stocks and the evolution in time of the 
damaged areas. In this scope, the emissions from forest fires are still poorly 
accounted in the national inventories and this may represent a considerable error. 
Estimates of CO2 equivalent emissions from LUCF show that this category was a net 
emitter in 1990 (3.8 Mton) and a carbon sink in 2004 (-2.5 Mton). The situation was 
temporarily inverted in 2003, when this source appeared as a net emitter (8.2 Mton) 
[Ferreira et al., 2006]. 
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6.3.3. Air quality impacts assessment 
As described previously the global model HadAM3P outputs were used to set the initial 
and boundary conditions for the MM5 simulations for reference (1990) and for the 
IPCC SRES A2 scenario (2100). 
Anagnostopoulou et al. [2008] analysed the performance of the HadAM3P simulations 
against the NCEP/NCAR reanalysis data [Kalnay et al., 1996] over the Mediterranean 
region. The authors concluded that the HadAM3P accurately reproduces seasonal 
500 hPa geopotential heights, whereas their seasonal variability is underestimated. 
The 500 hPa height reflects a broad range of meteorological influences on air quality. 
The frequency of occurrence of fourteen weather types has been assessed over 
Greece. The results indicate that the HadAM3P is able to capture the mean patterns of 
the circulation types. The obtained results give some confidence to use the HadAM3P 
outputs as initial and boundary conditions for regional simulations. In the scope of an 
air quality assessment it is important that the GCM gives an accurate representation of 
the large-scale flow fields for the region of interest. 
Solman et al. [2007] applied the MM5 model over southern South America for climate 
change impact studies. The dynamical downscalling of the HadAM3H outputs to the 
MM5 model were assessed for present-day climate (1981-1990). The MM5 model 
performance was evaluated in terms of seasonal means, seasonal cycles, interannual 
variability, and extreme events. The authors concluded that the observed regional 
patterns of surface air temperatures (means, maxima, and minima) were well 
reproduced. The broad spatial pattern of precipitation and its seasonal evolution was 
also well captured by the model. Extremes of precipitation were better reproduced by 
the regional model compared with the driving model. Overall, it was concluded that 
the MM5 model is capable of reproducing the main regional patterns and seasonal 
cycle of the surface variables. 
Before analysing the impacts of future climate on air quality, namely on O3 and PM10 
levels, the analysis of the MM5 reference climate simulation over Portugal was 
performed for 1990. The 1990 daily MM5 outputs between May 1st and October 30th 
were compared against the data monitored at 12 meteorological stations covering the 
majority of the Portuguese territory giving an indication of the MM5 performance over 
each specific region. These are the same stations used in the statistical analysis 
performed in Chapter 3 and in the validation of the regional climate model HIRHAM 
presented in Chapter 4. 
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The performed statistical measures were the root mean square error (RMSE) and the 
BIAS. These two measures present an indication on how well the model simulates the 
observed meteorological fields. The RMSE gives information about the absolute errors 
obtained within the observed-predicted pairs of results. The BIAS gives an indication 
about the overprediction or the underprediction of the analysed variables [Borrego et 
al., 2008]. The RMSE and the BIAS expressions are presented in Equations 6.2 and 
6.3, respectively. 
 
21 )( i
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i MON
RMSE −∑=         (6.2) 
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ii MON
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        (6.3) 
 
where N is the total number of data, Oi the observed value and Mi the correspondent 
simulated value.  
Figure 6.8 exhibits the RMSE and the BIAS for the daily average temperature and daily 
precipitation at the 12 meteorological stations over Portugal in 1990 between May 1st 
and October 30th.  
The MM5 model exhibits a clear underestimation of the mean daily temperature in all 
analysed stations especially in the inner regions of the north and centre of Portugal 
(Bragança, Vila Real, Castelo Branco, and Portalegre). The highest difference was 
attained in Bragança reaching almost 4 ºC. The same behaviour has already been 
detected by Monteiro [2007] but for different simulation periods. The RMSE is higher 
in the inner regions of the country with values close to 6 ºC. The precipitation tends to 
be overestimated by the MM5 model namely in the north and centre (Porto, Vila Real, 
and Coimbra). The RMSE for the daily precipitation varies from 1.5 to 38 mm. The rain 
amount frequency at Porto, Vila Real, and Coimbra shows that the MM5 model tends 
to overestimate the number of days with high precipitation (not shown). The model 
also shows a decrease in the number of rain free days. This behaviour has already 
been detected by Gustafson and Leung [2007] for dowscalled simulations over the 
United States. These deviations can be closely related to the applied spatial resolution 
being insufficient to correctly define topography and land use especially over the 
regions of complex terrain and with the land-sea interaction. The selected cumulus 
scheme may also contribute to these differences. 
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a) Temperature BIAS (ºC) 
 
b) Temperature RMSE (ºC) 
 
c) Precipitation BIAS (mm) 
 
d) Precipitation RMSE (mm) 
Figure 6.8 - MM5 validation over Portugal concerning the BIAS (a, c) and the RMSE (b, d) for 
daily mean temperature (a, b) and daily precipitation (c, d) between May 1st and October 30th of 
1990. 
 
This is a very simple analysis of the MM5 performance over Portugal for the 1990 
climate. It is not expected that the MM5 model application in a climatic analysis gives 
an exact response of the 1990 climate on a daily basis but the average conditions, 
namely seasonal, and variability should be well represented by the model. The 
reduced number of performed simulations limits this kind of assessment. 
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Even if the dowscalled results are not completely accurate, the necessity of using the 
regional downscalling approach is clear. With the strong dependency on localized flow 
patterns, air quality models need the higher-resolution wind, temperature, 
precipitation, and boundary layer structure produced by regional models [Gustafson 
and Leung, 2007]. 
Concerning CHIMERE it was not possible to compare the air quality data simulated 
from May to October of 1990 due to lack of monitored air pollutants in the majority of 
the country [Carvalho, 2006]. Nevertheless, confidence on CHIMERE results exists 
since it has been applied over Portugal for several years from 2001 to 2006 and the 
obtained concentrations fields are in good agreement with observations [Monteiro et 
al., 2005b; Monteiro et al., 2007; Monteiro, 2007]. 
In this study the air quality impacts assessment is performed for both simulated 
domains, Europe and Portugal. The climate change and the forest fire emissions 
influence on air quality are assessed and discussed. Figure 6.9 shows the 
MM5/CHIMERE results regarding the monthly mean of surface O3 changes from May to 
October between the 2100 climate and 1990 climate over Europe. Since the 
anthropogenic emissions have not been scaled in accordance to the SRES A2 scenario, 
the obtained changes in O3 surface levels are only due to climate change forcing. The 
monthly averaged MM5 outputs (boundary layer height, wind speed, relative humidity 
and temperature) over Europe for both climates are collected in Appendix E. 
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f) 
Figure 6.9 - Monthly mean surface O3 changes simulated over Europe with MM5/CHIMERE 
modelling system between 2100 climate and 1990 climate for a) May, b) June, c) July, d) 
August, e) September, and f) October. 
 
The obtained modelling results show that the highest changes are observed over 
central Europe registering O3 increases of almost 48 µg m-3 (∼24 ppb) in July. Over the 
ocean, where the destruction due to water vapour prevails, O3 decreases by up to 
22 µg m-3. These results are in the same range of magnitude of those found by 
Hauglustine et al. [2005]. According to Dentener et al. [2006], climate-driven 
increases in temperature and water vapour tend to decrease surface O3 in the cleanest 
regions but tend to increase O3 in more polluted areas. 
   135 
Forest fire impacts on air quality in future climatic scenario 
In July it is possible to detect an increase of the O3 levels of approximately 20 µg m-3 
just over Galicia and the Gulf of Biscay influencing the concentrations of this pollutant 
in the north of Portugal. This pattern may be explained by the fact that in July the 
largest temperature increases are over Galicia, France and north United Kingdom 
(UK). The enhancement on the temperature field is higher in July than in August for 
this region. Overall the ozone production increases with increased temperature 
[Sillman and Samson, 1995]. The decrease on the average boundary layer (BL) height 
and on the average wind speed in July may also contribute to the ozone 
enhancements over this region (Appendix E). It should also be noted that under a 
changing climatic scenario there is an average channelling effect from north and 
central Europe towards the Gulf of Biscay (not shown). In addition, the EMEP 
emissions grid present high levels of pollutants emitted in Galicia due mainly to 
industrial combustion processes that in a changing climatic scenario may deeply 
impact the air quality in the region.  
Meteorological conditions appear to have a greatest impact on daily variations in air 
quality. Some studies have indicated that ozone is strongly positively correlated with 
high temperatures and solar radiation, as this enhances the photochemical conditions 
that lead the ozone formation [Comrie, 1996]. In the eastern United States high 
temperatures, large concentrations of water vapour, high solar radiation and stagnant 
conditions were the variables mostly correlated with high ozone levels [Vukovich and 
Sherwell, 2003]. In the southwest United States temperature and mixing height most 
strongly influence ozone conditions [Wise and Comrie, 2005].  
According to Gustafson and Leung [2007] if the BL height is too high in the reference 
climate run, primary pollutants will be diluted and react under conditions with lower 
concentrations. If synoptic changes in the future scenario lead to altered BL heights, 
then the concentrations would change as well. However the nonlinearity of the 
reactions generating the ozone will produce a different amount of ozone leading to 
changes other than just the percentage change in the BL height. Kunkel et al. [2007] 
reported that for the northeast USA the mean and the 8-h maximum ozone increase in 
future climate are due to higher temperatures, lower cloudiness and higher biogenic 
emissions. 
Figure 6.10 exhibits the monthly mean O3 changes over Portugal due to climate 
change alone and to climate change and future forest fire emissions for July, August 
and September.  
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Figure 6.10 – Monthly mean surface O3 changes simulated over Portugal considering only 
climate change (S1 – C1) and climate change and future fire emissions (S2 – C1) for July, 
August, and September.  
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The maps for May, June, and October are collected in Appendix F. The O3 levels are 
exhibited as differences between future and reference scenarios (S1-C1 and S2-C1).  
The highest increase in O3 concentrations are detected in July but this is clearly 
influenced by the air quality boundary conditions settled in the north of Portugal by 
the European domain (see Figure 6.9c). In July there is an increase of approximately 
20 µg m-3 in the O3 levels in the north and central region of Portugal only due to 
climate change. If future forest fire emissions are considered the regions in the centre 
of Portugal especially over Coimbra and Porto in the north experience a smaller 
increase or even a reduction in the O3 concentrations (-1.2 µg m-3 in July, -4.9 µg m-3 
in August and -3.8 µg m-3 in September). This feature is probably due to the O3 
consumption promoted by the O3 precursor’s emissions released by the forest fires in 
these regions.  
The previous chapter pointed the district of Coimbra as the main affected in terms of 
future area burned projections. Consequently the future forest fire emissions are 
highest in this region. The O3 precursor’s emissions may also lead to its depletion (e.g. 
through NO titration) and the overall balance may conduct to the diminishing of the O3 
levels in the atmosphere [Seinfeld and Pandis, 1998]. It is also expectable an increase 
of the O3 concentrations downwind of the fire due to the dispersion of the emitted 
pollutants and their chemical transformation [Stich et al., 2007]. In Figure 6.10 it is 
possible to see the depletion of the O3 levels in July, August, and September, although 
the monthly average analysis does not allow verifying a clear increase of the O3 
concentrations downwind of the fire locations. 
The ozone levels in the atmosphere present a markedly daily profile closely connected 
to the photochemical activity that reaches its maximum during the afternoon. In this 
sense and in order to make a more detailed discussion on the O3 concentrations 
change along the diurnal cycle the O3 average values at 12, 15 and 18 UTC were 
computed for August (Figure 6.11). The O3 average values at 9 and 21 UTC can be 
found in Appendix F. 
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Figure 6.11 - Hourly average O3 concentrations for August at 12, 15 and 18 UTC considering 
climate change only (S1-C1) and climate change and future forest fire emissions (S2-C1). 
 
   139 
Forest fire impacts on air quality in future climatic scenario 
During the morning, namely at 9 UTC the O3 levels in the atmosphere are still very 
low. At this time of the day, there is not a clear trend on the O3 concentrations in the 
analysed scenarios (Appendix F). At noon, the highest O3 level is observed for the S2 
scenario reaching 108 µg m-3 in the inner part of the country (not shown). Considering 
the climate change impacts only, it is possible to see an increase of the O3 
concentrations and its plume extension in the districts of Porto and Coimbra.  
The highest levels of ozone in the atmosphere are observed at 15 UTC, reaching 
almost 130 µg m-3 in the S2 scenario (not shown). It can also be detected the increase 
of the pollutant plume with higher concentrations and its spreading towards the centre 
and the southern part of the country. At this time Coimbra district registers a decrease 
on the ozone levels (S2-C1) (-10 µg m-3) that may be related with the higher amounts 
of forest fire emissions released in this region. It is also possible to see a clear 
increase on the O3 plume concentrations northern and southern of Coimbra. The 
increase on the O3 levels reaches approximately 27 µg m-3 and 28 µg m-3 for the S1 
and S2 scenario, respectively.  
By the end of the afternoon, at 18 UTC, the ozone plume differences (scenario S2-C1) 
with higher concentrations diminishes its extension and a decrease pattern can be 
clearly identified in the centre of Portugal (districts of Viseu, Coimbra, and Castelo 
Branco). The ozone precursor’s emissions due to forest fire activity are consuming the 
ozone that was previously produced. This decrease can reach up to –30 µg m-3. It can 
also be observed the decrease of the ozone concentrations over a larger extension in 
the surroundings of the main Portuguese cities like Porto and Lisbon. At 21 UTC there 
is an O3 consumption region in the southern inner part of the domain due to the 
reduction of the photochemical activity and to the pollutants plume spreading towards 
the southeastern part of the domain (Appendix F). 
The monthly and the hourly analysis of the average ozone patterns over Portugal allow 
verifying that climate change alone may significantly impact the pollutant levels in the 
atmosphere especially in July and August. For instance, the projected increases on 
temperature in summer may deeply influence the kinetic rates of the atmospheric 
chemical cycles. The projected impacts of climate change on the BL height, wind 
speed and relative humidity may also influence the obtained ozone concentration 
patterns.  
The interaction between the emitted pollutants and the overall chemical reactions in 
the atmosphere under a changing climate may lead to increases and decreases of 
ozone values depending on the region. The hourly average of the ozone daily profile 
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gives important information regarding the pollutant patterns distribution in the vicinity 
of the fires and distant from their main locations. It is clearly that there is a decrease 
of the ozone concentrations just close to the forest fires and an increase in the 
surrounding areas. The diurnal evolution of the obtained ozone differences is also 
closely connected to the forest fire emissions hourly profiles considered in the 
numerical modelling that allocates the highest percentage of the released emissions 
from noon to 18 UTC (Table 6.4, pp 124). After 18 UTC the forest fire pollutants 
emitted to the atmosphere are leading to the O3 consumption.  
In order to better assess the distribution of the O3 concentrations an analysis is 
performed for four locations over Portugal that are representative of rural background 
conditions. Figure 6.12 presents the hourly ozone concentrations between May and 
October for the reference, and future climate conditions with and without future forest 
fire emissions. 
Figure 6.12 shows the increase in the 90th percentile of the hourly O3 values in all 
analysed stations due to the impact of climate change. The 90th percentile of the O3 
values remains almost the same if the future forest fire emissions are considered or 
not. The 10th percentile of the O3 concentrations does not reveal any change among 
the analysed locations. This quantity may give indication about the O3 background 
values over a given region. The impact of climate change on the ozone background 
values is an important issue within air quality management. 
Concerning the monthly distribution of the ozone values it is possible to see that July, 
August, and September present the highest changes on the 90th percentile of the 
ozone concentrations due to climate change and to future forest fire emissions. These 
are the months with highest photochemical production and this can be enhanced 
under future climate conditions throught, for instance, the increase of the temperature 
that may change the reactions rates and the photolysis rates important for the O3 
chemistry. It is also important to note that during these months there is a clear 
increase on the maximum values. The simulation that considers climate change and 
future forest fire emissions shows a decrease on the minimum ozone concentrations in 
May, August, and September. On the other hand, June, July, and October exhibit an 
increase on the 10th percentile of the ozone levels.  
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b) 
Figure 6.12 – Hourly ozone concentrations (µg m-3) for reference (grey), future climate (orange) 
and future climate with future forest fire emissions (green) between May 1st and October 30th by 
a) location and by b) month. 
 
Regarding particulate matter, Figure 6.13 shows the monthly mean of surface PM10 
changes from May to October between the 2100 climate and the 1990 climate over 
Europe estimated with the MM5/CHIMERE modelling system. The obtained changes in 
PM10 surface levels are only due to climate change impact.  
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Figure 6.13 - Monthly mean surface PM10 changes simulated over Europe with MM5/CHIMERE 
modelling system between 2100 climate and 1990 climate for  
a) May, b) June, c) July, d) August, e) September, and f) October. 
 
As can be detected in Figure 6.13 the PM10 monthly average values over Europe may 
register increases and decreases depending on the region. Typically the registered 
increases are located over the continental regions and the decreases over water. This 
may be related to the BL height and to the relative humidity average differences 
between reference and future climate (Appendix E). Wind speed differences may also 
contribute to the PM10 change patterns. For instance, in October the MM5 outputs at 
the European scale point to an average decrease of the BL height and the wind speed, 
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which may explain the increase on the PM10 concentrations over Central Europe. The 
PM10 concentrations can increase almost 32 µg m-3. In July, PM10 increases are also 
expected over northern Iberian Peninsula and the Gulf of Biscay and that may also be 
related to a decrease on the average BL height and on the average wind speed.  
Wind speed, mixing heigh, and relative humidity are the meteorological variables 
believed to mostly influence PM concentrations. Stagnant conditions are thought to 
correlate with high PM concentrations, as they allow particulates to accumulate near 
the earth’s surface. Although high wind speeds can increase ventilation, they are 
normally correlated with high PM concentrations because they allow the resuspension 
of particles from the ground, as well as long-range transport of particulates between 
regions. High PM concentrations are normally associated with dry conditions due to 
increased potential to resuspension of dust, soil, and other particles. In the southwest 
United States the moisture levels, namely the relative humidity, is the strongest 
predictor of PM concentrations [Wise and Comrie, 2005].  
Particulate matter is an important pollutant emitted from forest fires that can lead to 
severe air pollution episodes and visibility impairment [Valente et al., 2007]. In 
section §6.3.1 significant statistical correlations have been established between forest 
fires and PM10 levels in the atmosphere which justifies the assessment of climate 
change and future forest fire emissions impacts on this polluttant. 
Figure 6.14 depicts the monthly average of the PM10 changes for July, August, and 
September considering only climate change and climate change and future forest fire 
emissions. The months of May, June, and October are compiled in Appendix F. 
The forest fire emissions in future climate do not seem to increase the PM10 average 
levels in the months of May and June (Appendix F). Only due to climate change impact 
the PM10 concentrations diminish almost 36 µg m-3 over Porto region in May. In the 
rest of the country the values register a maximum increase of 4 µg m-3. In June the 
range of variation of the PM10 concentrations goes from -10 µg m-3 over Porto region 
to +10 µg m-3 along the coastal regions.  
In July it is possible to see the different plume patterns between simulations 
considering or not the future forest fire emissions. The PM10 levels increase 20 µg m-3 
over Porto region due to climate change and future forest fire emissions. Only due to 
climate change the PM10 levels in July may raise up to 18 µg m-3. The influence of 
future forest fire emissions is visible in the PM10 plume extension presenting higher 
concentrations over Porto, Coimbra, and Viseu districts. It is clearly visible that the 
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registered increases are located in the north and centre part of Portugal. The PM10 
values diminish over the Atlantic Ocean and over the coast in Sines region.  
In August the PM10 plume shows its highest concentrations again over the centre of 
Portugal and in Bragança district for the simulation considering climate change and 
future forest fire emissions. The maximum increase in PM10 values is 15 µg m-3 
considering only climate change and 16 µg m-3 under climate change and future forest 
fire emissions. The PM10 dispersion plume clearly shows the influence of the forest 
fires emissions on the atmospheric concentrations of this pollutant.  
September and October register the highest increases on the PM10 values reaching 
30 µg m-3 and 26 µg m-3, respectively, just due to climate change. The maximum 
increases are always observed over Porto region. In September, the increase on the 
PM10 values due to climate change and future forest fire emissions are visible in the 
pollutants dispersion plume with higher values over Coimbra, Viseu, and Castelo 
Branco districts with a maximum increase of 32 µg m-3. In October (Appendix F) there 
is a clear increase in the PM10 concentration plume values when forest fires and 
climate change are analysed together.  
In summary, the monthly PM10 average values revealed that climate change may 
deeply impact its levels in the atmosphere. The Porto region is the most affected one 
in terms of PM10 increases. Nowadays Porto region faces specific air quality problems 
closely related to the high levels of PM10 that are registered at the monitoring network 
[Monteiro, 2007; Ferreira, 2007].  
The months of July, August, and September present a clear increase in the PM10 levels 
due to climate change and the inclusion of future forest fire emissions reaching 
concentration increases of 32 µg m-3. Climate change alone may increase the PM10 
average levels in 30 µg m-3. At some extent this should be related to the different 
dispersion characteristics that may prevail in future climate namely related to BL 
height, relative humidity and wind speed.  
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Figure 6.14 - Monthly average PM10 concentrations over Portugal considering climate change 
only (S1 – C1) and climate change and future fire emissions (S2 – C1) for July, August and 
September. 
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6.4. Summary and conclusions 
This study investigated the impact of climate change and future forest fire emissions 
on air quality over Portugal under the IPCC SRES A2 scenario. 
Considering that forest fires release large amounts of pollutants to the atmosphere, 
firstly a statistical analysis was performed in order to assess the relationship between 
forest fire activity and PM10 and NO2 levels in the air. The 1995-2005 period was 
analysed, at district level, and significant correlation coefficients were obtained. PM10 
daily average and the daily number of fires present significant correlation coefficients 
especially in August and in Porto district reaching almost 0.90. The NO2 maximum 
concentrations also reach the highest correlations for August with the area burned in 
Vila Real district (0.68). This analysis pointed out to significant correlation between 
forest fire activity in Portugal and the concentration of air pollutants in the 
atmosphere, which is highest for August when the fire activity attains its maximum.  
The projected increases of area burned presented in Chapter 5 can deeply impact 
future forest fire emissions. Estimates of CO2, CO, CH4, NMHC, PM2.5, PM10 and NOx 
emissions point to substantial increases in future climate due to area burned 
increases. The annual CO2 equivalent emissions due to forest fire activity account for 
1.27 Mton for the 1980-1990 period and 7.44 Mton in a 2 x CO2 scenario.  
Numerical simulations performed with the MM5/CHIMERE modelling system over 
Europe and over Portugal indicated considerable changes of O3 and PM10 levels in the 
atmosphere under future climatic scenario.  
For 2100 and under the IPCC SRES A2 scenario, the O3 monthly mean levels in the 
atmosphere may increase almost 47.3 µg m-3 over Europe in July. This estimate only 
considers the impact of climate change because the anthropogenic emissions were 
kept constant. Over Portugal, in July, this increase may reach 20 µg m-3. If the 
influence of future forest fire activity is considered, the O3 concentrations may rise 
23 µg m-3 by 2100 but a decrease of almost 5.6 µg m-3 is detected over the main 
forest fire locations.  
Based on the analysis of the hourly O3 concentrations beween May 1st and October 
30th for rural background sites in Portugal increases in the maximum and the 
minimum values can be expected by the end of the XXI century. This trend gives 
important information regarding the obligation to follow the national and European air 
quality standards. The changes in the 10th percentile of the ozone values also gives 
indication on the possible increase of the background concentrations of this pollutant. 
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These detected changes represent fundamental information regarding the 
implementation of measures to decrease the ozone precursor’s emissions in order to 
reduce the ozone peak values but also to take into account its background conditions. 
A time-series filtering method performed in Carvalho [2006] already revealed that the 
ozone concentrations long term trend is being increasing over Portugal since 1999. 
The implications of these impacts in the fulfilment of the national and European air 
quality standards constitute a matter of great concern namely for policy makers, 
environment agencies and general public. 
The months of July, August and September clearly exhibit the influence of the forest 
fire emissions on the PM10 concentration plume over Portugal. The influence of future 
forest fire emissions is visible in the PM10 plume extension presenting higher 
concentrations in the north and centre of Portugal.  
Climate change deeply impacts the PM10 levels in the atmosphere. The projected 
impacts may be related to changes in the climate/meteorological characteristics that 
influence the PM10 chemical and physical mechanisms. Changes in the boundary layer 
height, relative humidity, wind speed, temperature and precipitation may deeply 
impact the advection, deposition, coagulation and absorption processes that lead 
particulate matter transformation and transport in the atmosphere. 
The performed simulations revealed that there may be significant increases of O3 and 
PM10 levels in the atmosphere under future climatic scenario and forest fire emissions 
but decreases may also be registered in specific regions over Portugal. The complexity 
of the involved reactions and mechanisms in conjunction to climate change and future 
forest fire emissions driving forces lead to important differences among the different 
Portuguese regions. The increase on forest fire emissions release to the atmosphere 
does not mean necessarily that ozone levels will increase and this is clearly evident in 
the obtained ozone change patterns. Due to the high amount of forest fire emissions 
the O3 levels may decrease over the fire activity locations and increase downwind of 
these regions. The diurnal profile of the O3 changes clearly shows the production and 
consumption patterns that may be established under future climate and forest fire 
conditions. 
Climate change alone may deeply impact the O3 and the PM10 levels in the 
atmosphere. The changes in the meteorological fields that are mostly related to the 
advection and transformation of these pollutants also impact its concentrations in the 
atmosphere. Emission changes are not the only variable to be taken into account in 
these studies. The changes in the boundary layer height, relative humidity, 
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temperature, radiation, wind speed and precipitation may be responsible for significant 
differences in the pollutants concentration patterns that may be attained in the 
atmosphere. 
The understanding of climate change impacts and future forest fire activity on air 
quality constitutes an adequate tool to better assess the inter-relation between these 
topics. The plans and measures to be settled in the next decade in the scope of air 
quality management must necessarily include climate change and changes in climate 
variability. The Portuguese authorities and policy-makers must design and implement 
mitigation plans in the scope of forest fire emissions reduction and air quality 
management and its potential implications in international commitments, e.g. the 
Kyoto Protocol, and subsequent impacts on human health and environmental 
resources.  
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7
ected 
topics - climate change, forest fires and air quality – and their relationships.  
ERA40 data for the period between 1980 and 2001. The study pointed to specific 
humidity shows a similar characteristic with low values in advance, minimum during 
e of a wildfire heated air 
is transported from the peninsula’s centre towards Portugal.  
weather index system. The applied methodology succeeded in explaining from 60.9 % 
. Summary and general 
conclusions  
The main aim of this study was to evaluate the impacts of the IPCC SRES A2 climatic 
scenario on forest fire activity and on air quality over Portugal. The work was 
organized in seven chapters starting with the overall introduction to the sel
Firstly, the regional scale weather patterns mostly related to forest fires in central 
Portugal and their temporal and spatial variations were established. The daily area 
burned in central Portugal was correlated with atmospheric fields provided by the 
conditions that characterize the weather patterns before and after a forest fire event, 
revealing that up to five days in advance of a fire event, the temperature shows high 
values above central Portugal and the Spanish Extremadura region. The specific 
the fire event and rapid increase after the event. The analysis between the Iberian 
thermal low and area burned suggested that in the pre-phas
In Chapter 3 a statistical analysis was carried out in order to determine the surface 
fire weather conditions that explain the majority of the observed area burned and 
number of fires in Portugal between 1980 and 2004. The results pointed to highly 
significant relationships among the forest fires and the weather and the Canadian fire 
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to 80.4 % of the variance for area burned and from 47.9 % to 77.0 % of the variance 
for the number of fires. Fire weather conditions explained the majority of the area 
burned in Portugal and for the number of fires this is also true although to a less 
extent. This fact is related to other factors than meteorology that are closely 
connected to the occurrence of forest fires. Human activities have a major impact on 
the forest fire starts in Portugal competing with the natural weather conditions that 
prevail during summer months. 
It is important to note that it is expected that the weather and the fire weather risk 
variables be related to forest fire activity, although the extent of this relationship is 
particular to each fire prone region. The forestry management, the prevention 
campaigns and the fire suppression efforts are important variables that have major 
influence on the fire statistics of a region. The way the natural conditions like weather, 
land-use and topography interact with forestry management, fire suppression and 
human activities give indication on how these different variables are more or less 
important in the characterization of the fire statistics. As described, in Portugal forest 
fires are closely related to the weather conditions. The forestry management and the 
prevention campaigns and the fire suppression activities are still insufficient to face 
weather conditions and human behaviour. An interesting exercise would be to include 
variables related to the fire suppression activities and forestry management practices 
in the regression models in order to better assess the importance of these tools as fire 
activity control variables and to project the financial effort and best practices to face a 
changing climate in a near future.  
The characterization of the regional weather patterns and the surface weather 
conditions that explain the majority of the forest fires in Portugal constitutes a 
powerfull assessment tool for all the studies that analyse the impacts of future climate 
change on forest fire activity. The achieved results represent an important way to 
diagnose forest fire activity over Portugal based on the fire weather forecast on a 
short term basis. Using the acquired knowledge on regional weather patterns analysis 
it is possible to effectively forecast the most severe fire event situations over Portugal. 
This information may be used as a scientific support tool for the fire management 
agencies helping on a more accurate organization of the fire fighting resources and 
activities and also to support prevention campaigns and field actions well in advance 
of the fire season (in a monthly to seasonal basis).  
The main outcomes of Chapters 2 and 3 give relevant information regarding the 
importance to study the impacts of climate change on fire weather and consequently 
on area burned and number of fires. Hence, based on the outputs of the regional 
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climate model HIRHAM for reference (1961-1990) and future (2071-2100) climate it 
was possible to assess the impacts of the IPCC SRES A2 scenario on fire weather and 
fire severity. The impacts assessment study discussed in Chapter 4 was carried out for 
two spatial resolutions over Portugal, 12 km and 25 km. The analysis indicates an 
increase in the average and extremes values of the FWI component in all Portuguese 
districts. The fire weather severity attains higher values in a future climatic scenario. 
The districts of the north and centre of Portugal show the highest raises in the FWI 
component. Almost all the Portuguese districts will face at least 100 % increase on the 
fire weather risk during spring. The analysis also revealed that the majority of the fire 
weather and fire weather risk components projections present no statistical significant 
differences between the 12 km and the 25 km simulations.  
Class frequency and percentile estimations of the FWI system components were 
evaluated for both climates and for each Portuguese district. The obtained cumulative 
frequency functions clearly show the fire weather severity shifts to attain higher 
values in a future climatic scenario. The districts of the north and centre of Portugal 
show the highest increases in the FWI cumulative frequency distribution. This fact may 
be closely related to the occurrence of a higher number of extreme events under the 
SRES A2 scenario. The occurrence of these extreme weather conditions will 
dramatically influence forest fire activity over Portugal. The proposed diagnostic tools 
investigated in Chapters 2 and 3 may have an important role in the prevention of 
disastrous fire seasons due to the forecast of the extreme weather conditions and its 
potential implications on fire occurrences and area burned. 
The impacts of future fire weather on the area burned and on the number of fires were 
discussed in Chapter 5. The 12 km and 25 km projections were used to forecast the 
future area burned and number of fires over Portugal. The results point to a 
substantial increase on area burned and on number of fire starts ranging from 238 % 
to 643 % and 111 % to 483 %, respectively, depending on the district. The monthly 
distribution of the area burned and the number of fires indicates that an earlier fire 
season starting may be expected under future climatic scenario. These findings 
indicate important modifications on the fire activity annual cycle over Portugal. In 
addition, this study revealed that the historical relationships established between the 
area burned and the number of fires and the weather and the FWI components for 
current climate conditions (Chapter 3) had to be re-evaluated in order to be applied 
under future climatic scenarios. The most adequate tool to currently diagnose the 
forest fire activity in Portugal could not be applied based on the same assumptions in 
a changing climate. This may constitute an important outcome regarding the 
   153 
Summary and general conclusions 
limitations of today’s developed statistic analysis and its application under future 
climatic scenarios.  
The implication of the projected area burned on future forest fire emissions and its 
impacts on air quality was the main objective of Chapter 6. The MM5/CHIMERE 
modelling system was applied for reference (1990) and future climate (2100) from 
May 1st to October 30th. The numerical simulations pointed out that there may be 
significant increases of O3 and PM10 levels in the atmosphere under climate change 
conditions but decreases over specific regions may also be registered. For 2100, under 
the IPCC SRES A2 scenario, the O3 monthly mean levels in the atmosphere may 
increase almost 47.3 µg m-3 over Europe in July. This estimate only considers the 
influence of a changing climate. Over Portugal, in July, this increase may reach 
20 µg m-3. If the influence of future forest fire activity is considered the O3 
concentrations may raise 23 µg m-3 by 2100 but a decrease of almost 5.6 µg m-3 is 
detected over the main forest fire locations. In these regions the ozone precursor’s 
emissions due to forest fires are depleting the previously produced ozone.  
This analysis revealed that an increase on future forest fire emissions does not directly 
mean that ozone levels in the atmosphere will increase. The interplay between 
polluttants concentrations (like NOx and VOC), surface emissions, and meteorology 
leads to strong nonlinearities for the atmospheric ozone chemistry. The interaction 
between ozone precursor’s emissions and ozone formation and depletion may be 
deeply impacted under future climatic scenarios. The knowledge of these relationships 
constitutes an important tool to correctly evaluate the role of forest fires on air quality 
under a changing climate.  
The projected impacts of forest fire emissions on O3 and PM10 levels in the atmosphere 
raise the concern regarding the application of prescribed burning as a management 
tool. It is recognized that forest fires release high amounts of pollutants to the 
atmosphere that, in the short term, may lead to acute air pollution episodes with 
important human health injuries. An adequate prescribed burning planning should also 
consider the potential impacts of forest fire emissions on the air quality of a region. 
The obligation for the fulfilment of the European and national air quality standards is 
an important issue to be taken into account during these initiatives. 
Meteorological conditions have the greatest impact on air quality daily variations. The 
impact of climate change on temperature, relative humidity, precipitation, wind speed 
and atmospheric dispersion conditions may deeply impact the air quality over a given 
region. The strong linkage between weather conditions and pollutant levels can 
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obscure the effects of changing emissions levels over time. To correctly assess the 
effectiveness of air quality control regulations and improve air quality management 
efforts the meteorological/climate signal must be identified in order to better examine 
emissions-influenced trends and the climate change role. Changes in meteorology 
must be considered in any future management plans. Old assumptions may no longer 
be valid.  
The achieved results point to dramatic consequences of climate change on future 
forest fire activity and on air quality over Portugal. Future developments should 
consider other variables that could better represent the relationship between climate 
change, forestry dynamics, land-use change and future human activities. The use of 
dynamic vegetation models and/or landscape models could better represent the 
interaction between weather, vegetation changes, forest fires and human activities. 
The application of today’s developed statistical models implies that the relationships 
between forest fires and weather would remain the same under future climatic 
scenario and this may not correspond to the truth. A dynamic analysis of these 
interactions could lead to a better representation of the weather, fire and climate 
relationships.  
The human influence on forest fire activity is another variable that should be 
addressed. Due to lack of information it was not possible to effectively assess the 
influence of human activities and human behaviour on forest fire numbers. This 
variable may change dramatically in future and thus influencing the forest fire 
statistics and their related impacts.  
The application of more than one climatic scenario gives the opportunity to better 
characterize the range of possible changes that can be detected in future. An 
ensemble of the several possible scenarios for future climate may give important 
information regarding uncertainty analysis and promote a better characterization of 
the future forest fire activity and air quality over Portugal. The use of an ensemble 
approach will be particularly important to provide uncertainty information and bracket 
the response. This would represent an important added value to the already projected 
changes. The analysis of the impacts of climate change and designed pollutant 
emissions reduction policies would constitute an important step forward to effectively 
assess the impact of the implemented measures on the air quality of the next 20 to 30 
years. 
This work represents an important attempt to relate climate change, fores fires and air 
quality over Portugal. The achieved results and main outcomes constitute an adequate 
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scientific tool to support the implementation of measures and plans in the forest fire 
management and in the air quality fields.  
 
 
 
 
156   
References 
References  
Alcoforado, M.J. and Almeida, A.F., 1993: Incêndios no parque natural da Arrábida. 
(Forest fires in the Arrábida natural park). Finisterra XXVIII(55-56), 229-241 (in 
Portuguese) 
Alonso, S., Portela, A. and Ramis, C., 1994: First considerations on the structure and 
development of the Iberian thermal low-pressure system. Annales Geophysicae 12, 
457-468. 
Amiro, B.D., Todd, J.B., Wotton, B.M., Logan, K.A., Flannigan, M.D., Stocks, B.J., 
Mason, J.A., Martell, D.L. and Hirsch, K.G., 2001a: Direct carbon emissions from 
Canadian forest fires, 1959 to 1999. Canadian Journal of Forestry Research 31, 512-
525. 
Amiro, B.D., Stocks, B.J., Alexander, M.E., Flannigan, M.D. and Wotton, B.M., 2001b: 
Fire, climate change, carbon and fuel management in the Canadian boreal forest. 
International Journal of Wildland Fire 10, 405–413. 
Anagnostopoulou, C.H.R., Tolika, K., Maheras, P., Kutiel, H.and Flocas, H. A., 2008: 
Performance of the general circulation HadAM3P model in simulating circulation types 
over the Mediterranean region. International Journal of Climatolology 28(2), 185-203. 
Anderson, H.R., Atkinson, R., Peacock, J., Marston, L. and Konstantinou, K., 2004: 
Meta-analysis of time series studies and panel studies of particulate matter (PM) and 
ozone (O3). Report of a WHO task group. Copenhagen, WHO Regional Office for 
Europe. 
   157 
References 
Andreae, M. and Merlet, P., 2001: Emission of trace gases and aerosols from biomass 
burning. Global Biogeochemical Cycles 15, 955–966. 
APIF – Agência para a Prevenção de Incêndios Florestais (Agency for the Forests Fires 
Prevention), 2005: Proposta Técnica de Plano Nacional de Defesa da Floresta contra 
Incêndios – Plano de Acção. Vol. II, (Lisboa, Portugal).  
Aquilina, N., Dudek, A.V., Carvalho, A., Borrego, C. and Nordeng, T.E., 2005: MM5 
high resolution simulations over Lisbon. Geophysical Research Abstracts. Vol. 7, 
08685, SRef-ID: 1607-7962/gra/EGU05-A-08685. European Geosciences Union 2005. 
Arnell, N.W., Livermore, M.J.L., Kovats, S., Levy, P.E., Nicholls, R., Parry, M.L. and 
Gaffin, S.R. 2004: Climate and socio-economic scenarios for global-scale climate 
change impacts assessments: characterising the SRES storylines. Global 
Environmental Change 14, 3–20. 
Beer, T. and Williams, A., 1995: Estimating Australian forest fire danger under 
conditions of doubled dioxide concentrations. Climatic Change 29, 169-188. 
Bergeron, Y. and Flannigan, M.D., 1995: Predicting the effects of climate change on 
fire frequency in the southeastern Canadian boreal forest. Water, Air & Soil Pollution 
82, 437-444. 
Bessagnet, B., Hodzic, A., Vautard, R., Beekmann, M., Cheinet, S., Honore, C., 
Liousse, C. and Rouil, L., 2004: Aerosol modeling with CHIMERE— Preliminary 
evaluation at the continental scale. Atmospheric Environment 38, 2803– 2817. 
Boo, K., Kwon, W., Oh, J. and Baek, H., 2004: Response of global warming on 
regional climate change over Korea: An experiment with the MM5 model. Geophysical 
Research Letters 31, L21206, doi: 10.1029/2004GL021171 
Borrego, C., Miranda, A.I., Carvalho, A.C. and Carvalho, A., 1999: Forest fires and air 
pollution: A local and a global perspective. In: Proceedings of the ‘Air Pollution VII’. 
Eds C Brebbia, M Jacobson, H Power, WIT Press: Boston, 741-750. 
Borrego, C., Miranda, A.I., Carvalho, A.C. and Fernandez, C., 2000: Climate change 
impact on the air quality: the Portuguese case. Global Nest – the International Journal 
2(2), 199-208. 
Borrego, C., Monteiro, A., Ferreira, J., Miranda, A.I., Costa, A.M., Carvalho, A.C. and 
Lopes, M., 2008: Procedures for estimation of modelling uncertainty in air quality 
assessment. Environment International doi:10.1016/j.envint.2007.12.005. 
158   
References 
Brasseur, G., Prinn, R. and Pszenny, A. (Eds) 2003: Atmospheric Chemistry in a 
Changing World. An Integration and Synthesis of a Decade of Tropospheric Chemistry 
Research. The IGBP Series. Springer, ISBN: 3-540-43050-4. 
Brotak, E.A. and Reifsnyder, W.E., 1977: An investigation of the synoptic situation 
associated with major wildland fires. Journal of Applied Meteorology 16, 867 - 870. 
Brown, T.J., Hall, B.L. and Westerling, A.L., 2004: The impacts of twenty-first century 
climate change on wildland fire danger in the western United States: an application 
perspective. Climatic Change 62, 365-388. 
Buonomo, E., Jones, R., Huntingford, C. and Hannaford, J., 2007: The robustness of 
high resolution predictions of changes in extreme rainfall for Europe. The Quarterly 
Journal of Royal Meteorological Society 133 (622), 65 – 81. 
Carvalho, A.C., 2006: A qualidade do ar e as alterações climáticas em Portugal (The 
air quality and the climate change in Portugal). Tese de Doutoramento em Ciências 
Aplicadas ao Ambiente (PhD Thesis). Departamento de Ambiente e Ordenamento, 
Universidade de Aveiro, Portugal. 
Carvalho, A.C., Carvalho, A., Miranda, A.I. and Borrego, C., 2001: Climate change and 
fire weather risk. In: Brunet M, López D, (eds) Detecting and Modelling Regional 
Climate Change and Associated Impacts. Springer-Verlag, Berlin, Heidelberg, New 
York, 555-565. 
Carvalho, A., Flannigan, M, Logan, K., Miranda, .I. and Borrego, C., 2006a: Future fire 
activity in Portugal. In 5th International Conference on Forest Fire Research, Figueira 
da Foz, Portugal, 27-30 November 2006 - Ed. D. X. Viegas, ADAI, CEIF, University of 
Coimbra, Portugal. Proceedings in CD-Rom. 
Carvalho, A.C., Carvalho, A., Gelpi, I., Barreiro, M., Borrego, C., Miranda, A.I., Perez-
Munuzuri, V., 2006b: Influence of topography and land use on pollutants dispersion in 
the Atlantic coast of Iberian Peninsula. Atmospheric Environment 40 (21), 3969-3982. 
Carvalho, A., Flannigan, M., Logan, K., Miranda, A.I. and Borrego, C., 2007a: Fire 
activity in Portugal and its relationship to weather and the Canadian Fire Weather 
Index System. International Journal of Wildland Fire (in press) 
Carvalho, A., Flannigan, M., Logan, K., Miranda A.I. and Borrego, C. 2007b: Climate 
change impacts on area burned and number of fire starts in Portugal. Climatic Change 
(in revision)  
   159 
References 
Carvalho, A., Martins, V., Miranda, A.I., and Borrego, C., 2007c: Forest fire emissions 
under climate change: an air quality perspective. 4th International Wildland Fire 
Conference, 13-17 May, Seville, Spain. (Proceedings in CD Rom) 
Carvalho, A., Monteiro, A., Flannigan, M., Solman, S., Miranda, A.I. and Borrego, C., 
2007d: Forest fire emissions under climate change: impacts on air quality. Seventh 
Symposium on Fire and Forest Meteorology, 23–25 October 2007, Bar Harbor, Maine, 
USA. (http://ams.confex.com/ams/pdfpapers/126854.pdf)  
Christensen, J.H. and Christensen, O.B., 2007: A summary of the PRUDENCE model 
projections of changes in European climate by the end of this century. Climatic 
Change, doi: 10.1007/s10584-006-9210-7. 
Christensen, J.H., Christensen, O.B., Lopez, P., van Meijgaard, E. and Botzet, M., 
1996: The HIRHAM4 Regional Atmospheric Climate Model. Scientific Report 96-4, DMI, 
Copenhagen. 
Comrie, A.C., 1996: An all-season synoptic climatology of air pollution in the US–
Mexico border region. Professional Geographer 48 (3), 237–251. 
Conrad, V., 1943: The climate of the Mediterranean region. Bulletim of the American 
Meteorological Society 24, 127 - 145. 
Crimmins, M.A., 2006: Synoptic climatology of extreme fire-weather conditions across 
the southwest United States. International Journal of Climatology 26, 1001-1016. 
Crutzen, P. and Andreae, M., 1990: Biomass burning in the tropics: impact on 
atmospheric chemistry and biogeochemical cycles. Science 250, 1669–1678. 
Crutzen, P., Heidt, L., Krasnec, J., Pollock, W. and Seiler, W., 1979: Biomass burning 
as a source of atmospheric gases CO, H2, N2O, NO, CH3Cl and COS. Nature 282(5736), 
253-256. 
Dentener, F., Stevenson, D., Ellingsen, K., van Noije, T., Schultz, M., Amann, M., 
Atherton, C., Bell, N., Bergmann, D., Bey, I., Bouwman, L., Butler, T., Cofala, J., 
Collins, B., Drevet, J., Doherty, R., Eickhout, B., Eskes, H., Fiore, A., Gauss, M., 
Hauglustaine, D., Horowitz, L., Isaksen, I., Josse, B., Lawrence, M., Krol, M., 
Lamarque, J. F., Montanaro, V., Mϋller, J. F., Peuch, V. H., Pitari, G., Pyle, J., Rast, S., 
Rodriguez, J., Sanderson, M., Savage, N., Shindell, D., Strahan, S., Szopa, S., Sudo, 
K., Wild, O., and Zeng, G., 2006: The Global Atmospheric Environment for the Next 
Generation. Environment Science and Technology 40, 3586-3594. 
160   
References 
DGRF – Direcção Geral dos Recursos Florestais (Forestry Resources General 
Directorate), 2006a: Inventário Florestal Nacional de 1995-1998 (3ª Revisão). Divisão 
de Planeamento e Estatística, Direcção Geral dos Recursos Florestais. (Lisboa, 
Portugal) 
DGRF – Direcção Geral dos Recursos Florestais (Forestry Resources General 
Directorate), 2006b: Incêndios Florestais 2005 – Relatório Final. Divisão de Defesa da 
Floresta contra Incêndios, Direcção Geral dos Recursos Florestais. (Lisboa, Portugal) 
DGRF – Direcção Geral dos Recursos Florestais (Forestry Resources General 
Directorate), 2007: Incêndios Florestais 2006 – Relatório Final. Divisão de Defesa da 
Floresta contra Incêndios, Direcção Geral dos Recursos Florestais. (Lisboa, Portugal) 
EC – European Commission, 2002: Guidance on the Annexes to Decision 97/101/EC 
on Exchange of Information as revised by Decision 2001/752/EC for the European 
Commission, DG Environment. 
EC - European Commission, 2003: Forest Fires in Europe: 2002 fire campaign. 
Directorate-General Joint Research Centre, Directorate-General Environment, 
S.P.I.03.83 EN. (Ispra, Italy) 
EC - European Commission, 2005: Forest Fires in Europe 2004. Directorate-General 
Joint Research Centre, Directorate-General Environment, S.P.I.05.147 EN. (Ispra, 
Italy) 
Eck, T.F., Holben, B.N., Reid, J.S., O’Neill, N.T., Schafer, J.S., Dubovik, O., Smirnov, 
A., Yamasoe, M.A., and Artaxo, O., 2003: High aerosol optical depth biomass burning 
events: A comparison of optical properties for different source regions. Geophysical 
Research Letters 30(20), 2035, doi: 10.1029/2003GL017861. 
EMEP - Co-operative Programme for Monitoring and Evaluation of the Long-range 
Transmission of Air Pollutants in Europe, 2007: Transboundary particulate matter in 
Europe: status report 2007. Status report 4/2007. Joint CCC & MSC-W Report. 
(www.emep.int/publ/common_publications.html) 
Fernández, J., Montávez, J.P, Sáenz, J., González-Rouco, J.F. and Zorita, E., 2007: 
Sensitivity of the MM5 mesoscale model to physical parameterizations for regional 
climate studies: Annual cycle. Journal of Geophysical Research 112, D04101, 
doi:10.1029/2005JD006649.  
Ferreira, J., 2007: Relação qualidade do ar e exposição humana a poluentes 
atmosféricos. Tese de Doutoramento em Ciências Aplicadas ao Ambiente (PhD Thesis). 
Departamento de Ambiente e Ordenamento, Universidade de Aveiro, Portugal.  
   161 
References 
Ferreira, J., Salmim, L., Monteiro, A., Miranda, A. I. e Borrego, C., 2004: Avaliação de 
episódios de ozono em Portugal através da modelação fotoquímica. In: Actas da 8ª 
Conferência Nacional de Ambiente, 27-29 Outubro, Lisboa, Portugal, 383-384. 
(Proceedings in CD Rom). 
Ferreira, V.G., Pereira, T.C., Seabra, T., Torres, P. and Maciel, H., 2006: Portuguese 
National Inventory Report on Greenhouse Gases, 1990-2004 Submitted under the 
United Nations Framework Convention on Climate Change. Eds. Institute for the 
Environment, Amadora, Portugal, 614 pp. 
Flannigan, M.D. and Harrington, J.B., 1988: A study of the relation of meteorological 
variables to monthly provincial area burned by wildfire in Canada 1953–80. Journal of 
Applied Meteorology 27, 441–452. 
Flannigan, M.D. and Van Wagner, C.E., 1991: Climate Change and Wildfire in Canada. 
Canadian Journal of Forestry Research 21, 66–72. 
Flannigan, M.D., Bergeron, Y., Engelmark, O. and Wotton, M., 1998: Future Wildfire in 
Circumboreal Forests in Relation to Global Warming. Journal of Vegetation Science 9, 
469–476. 
Flannigan, M.D., Stocks, B.J. and Wotton, B.M., 2000: Forest Fires and Climate 
Change. Science of the Total Environment 262, 221–229. 
Flannigan, M.D. and Wotton, B.M., 2001: Climate, weather and area burned. In: 
Johnson EA, Miyanishi K (eds) Forest Fires-Behaviour and Ecological Effects. Academic 
Press, San Diego, CA, pp335–357. 
Flannigan, M., Wotton, M., Bernie, T. Cameron, H. and Logan, K., 2002: Climate 
change implications in British Columbia. Assessing past, current and future fire 
occurrence and fire severity in British Columbia. Report for the B.C. Ministry of 
Forests. Natural Resources Canada. 
Flannigan, M.D., Logan, K.A., Amiro, B.D., Skinner, W.R. and Stocks, B.J., 2005a: 
Future area burned in Canada. Climatic Change 72, 1-16. 
Flannigan, M.D., Amiro, B.D., Logan, K.A., Stocks, B.J., and Wotton, M., 2005b: Forest 
fires and climate change in the 21st century. Mitigation and Adaptation Strategies for 
Global Change 11, 847-859.  
Flato, G.M., Boer, G.J., Lee, W.G., McFarlane, N.A., Ramsden, D., Reader M.C. and 
Weaver, A.J., 2000: The Canadian Centre for Climate Modelling and Analysis Global 
Coupled Model and Its Climate. Climate Dynamics 16(6), 451-467. 
162   
References 
Fried, J.S., Torn, M.S. and Mills, E., 2004: The impact of climate change on wildfire 
severity: a regional forecast for northern California. Climatic Change 64, 169-191. 
Gauss M., Myhre, G., Isaksen, I. S. A., Grewe, V., Pitari, G., Wild, O., Collins, W. J., 
Dentener, F. J., Ellingsen, K., Gohar, L. K., Hauglustaine, D. A., Iachetti, D., 
Lamarque, J.-F., Mancini, E., Mickley, L. J., Prather, M. J., Pyle, J. A., Sanderson, M. 
G., Shine, K. P., Stevenson, D. S., Sudo, K., Szopa, S. and Zeng, G., 2006: Radiative 
forcing since preindustrial times due to ozone change in the troposphere and the lower 
stratosphere. Atmospheric Chemistry and Physics 6, 575 – 599. 
GENEMIS – Generation of European Emission Data for Episodes Project, 1994: 
EUROTRAC Annual Report, 1993, Part 5. EUROTRAC International Scientific 
Secretariat, Garmisch-Partenkirchen. 
Ginoux, P., Chin, M., Tegen, I., Prospero, J.M., Holben, B., Dubovik, O., Lin, S.J., 
2001: Sources and distributions of dust aerosols simulated with the GOCART model. 
Journal of Geophysical Research 106, 20255 - 20273. 
Giorgi, F., 1990: Simulation of regional climate using a limited area model nested in a 
general circulation model. Journal of Climate 3, 941–963. 
Giorgi, F., and L.O. Mearns, 1991: Approaches to regional climate change simulation: 
A review. Review of Geophysics 29, 191-216. 
Gordon, C., Cooper, C., Senior, C.A., Banks H., Gregory, J.M., Johns, T.C., Mitchell, 
J.F.B. and Wood, R.A., 2000: The simulation of SST, sea ice extents and ocean heat 
transports in a version of the Hadley Centre coupled model without flux adjustments. 
Climate Dynamics 16, 147-168. 
Goswami, E., Larson, T., Lumley, T. and Liu, L.J.S., 2002: Spatial characteristics of 
fine particulate matter: identifying representative monitoring locations in Seattle, 
Washington. Journal of the Air and Waste Management Association 52(3), 324–333. 
Grell, G.A., Dudhia, J. and Stauffer, D.R., 1994: A description of the fifth-generation 
Penn State/NCAR Mesoscale Model (MM5), Tech. Rep. NCAR/TN-398+STR, Natl. Cent. 
for Atmos. Res., Boulder, Colorado. 
Grell, G.A., Schade, L., Knoche, R., Pfeiffer, A., and Egger, J., 2000: Nonhydrostatic 
climate simulations of precipitation over complex terrain. Journal of Geophysical 
Research 105, 29595-29608. 
   163 
References 
Gustafson, W.I and Leung, L.R, 2007: Regional downscaling for air quality 
assessment. A reasonable proposition? Bulletin of the American Meteorological 
Society, doi:10.1175/BAMS-88-8-1215. 
Hansen, M.C., DeFries, R.S., Townsend, J.R. and Sohlberg, R., 2000: Global land 
cover classification at 1 km spatial resolution using a classification tree approach. 
International Journal of Remote Sensing 21(6,7), 1331-1364. 
Harrington, J.B., Flannigan, M.D. and Van Wagner, C.E., 1983: A study of the relation 
of components of the Fire Weather Index System to monthly provincial area burned by 
wildfire in Canada 1953–80. Canadian Forestry Services, Information Report PI-X-25, 
Petawawa, National Forestry Institute. 
Hauglustaine, D.A., Hourdin, F., Jourdain, L., Filiberti, M.-A., Walters, S., Lamarque, 
J.-F. and Holland, E.A., 2004: Interactive chemistry in the Laboratoire de Météorologie 
Dynamique general circulation model: description and background tropospheric 
chemistry evaluation. Journal of Geophysical Research 109, D04314, 
doi:10.1029/2003JD003957. 
Hauglustaine, D.A., Lathiere, J., Szopa, S. and Folberth, G.A., 2005: Future 
tropospheric ozone simulated with a climate-chemistry-biosphere model. Geophysical 
Research Letters 32, L24807, doi:10.1029/2005GL024031. 
Hely, C., Flannigan, M.D., Bergeron, Y. and McRae, D., 2001: Role of vegetation and 
weather on fire behavior in the Canadian Mixedwood boreal forest using two fire 
behavior prediction systems. Canadian Journal of Forestry Research 31, 430–441. 
Hennessy, K., Lucas, C., Nicholls, N., Bathols, J., Suppiah, R. and Ricketts, J., 2005: 
Climate change impacts on fire-weather in southeast Australia. In: Climate change 
impacts on fire weather. CSIRO Marine and Atmospheric Research. 
(www.cmar.csiro.au/e-print/open/hennessykj_2005b.pdf).  
Hodzic, A., Madronich, S., Bohn, B., Massie, S., Menut, L. and Wiedinmyer, C., 2007: 
Wildfire particulate matter in Europe during summer 2003: meso-scale modeling of 
smoke emissions, transport and radiative effects. Atmospheric Chemistry and Physics 
Discussions 7, 4705 - 4760. 
Hodzic, A., Vautard, R., Bessagnet, B., Lattuati, M. and Moreto, F., 2005: Long-term 
urban aerosol simulation versus routine particulate matter. Atmospheric Environment 
39, 5851-5864. 
Hogrefe, C., Biswas, J., Lynn, B., Civerolo, K., Ku, J.-Y., Rosenthal, J., Rosenzweig, C., 
Goldberg, R. and Kinney, P.L., 2004: Simulating regional-scale ozone climatology over 
164   
References 
the eastern United States: model evaluation results. Atmospheric Environment 38, 
2627–2638. 
Hogrefe, C., Leung, L.R., Mickley, L.J., Hunt, S.W. and Winner, D.A., 2005: 
Considering climate change in U.S. air quality management. Environmental Manager, 
19-23. 
Hoinka, K.P. and Castro, M., 2003: The Iberian Peninsula thermal low. The Quarterly 
Journal of the Royal Meteorological Society 129, 1491 - 1511. (Corrigendum, Q. J. R. 
Meteorol. Soc. 132 (2006), 1377)  
Hoinka, K.P., Carvalho, A. and Miranda, A.I., 2007a: Regional-scale weather patterns 
and wildland fires in Central Portugal. International Journal of Wildland Fire (in 
revision) 
Hoinka, K.P., Gaertner, M. and Castro, M., 2007b: Iberian thermal low in a changing 
climate. The Quarterly Journal of the Royal Meteorological Society 133, 1113-1126. 
Houghton, R.A., 2003: Revised estimates of the annual net fl ux of carbon to the 
atmosphere from changes in land use and land management. Tellus 55B, 378–390. 
Hudman, R.C., Spracklen, D.V., Logan, J.A., Mickley, L.J., Yevich, R.M., Flannigan, 
M.D. and Westerling, A.L., 2007: Effects of climate change on forest fires over North 
America and impact on U.S. air quality and visibility. 7th Symposium on Fire and Forest 
Meteorology, 23–25 October 2007, Bar Harbor, Maine, USA. 
(http://ams.confex.com/ams/7firenortheast/techprogram/paper_126924.htm) 
Hulme, M., Mitchell, J., Ingram, W., Lowe, J., Johns, T., New, M. and Viner, D., 1999: 
Climate change scenarios for global impacts studies. Global Environmental Change-
Human and Policy Dimensions 9, S3-S19. 
INE – Instituto Nacional de Estatística, 2003: XIV Recenseamento Geral da População, 
resultados definitivos. INE, Estimativas Provisórias de População Residente para 
31.12.2002, aferidas dos resultados definitivos dos Censos 2001, ajustados com as 
taxas de cobertura. Instituto Geográfico Português (IGP), Carta Adminisrativa Oficial 
de Portugal. (Lisboa, Portugal) 
IPCC – Intergovernmental Panel on Climate Change, 1995: Climate Change 1995, The 
Science of Climate Change: Summary for Policymakers and Technical Summary of the 
Working Group I Report. 
IPCC – Intergovernmental Panel on Climate Change, 2000: Good Practice Guidance 
and Uncertainty Management in National Greenhouse Gas Inventories. 
   165 
References 
IPCC – Intergovernmental Panel on Climate Change, 2007: Climate Change 2007: The 
Physical Science Basis. Contribution of Working Group I to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change. S. Solomon, D. Qin, M. 
Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (Eds.), 
Cambridge University Press, Cambridge, 996 pp. 
Jacob, D., Bärring, L., Christensen, O.B., Christensen, J.H., Castro, M., Déqué, M., 
Giorgi, F., Hagemann, S., Hirschi, M., Jones, R., Kjellström, E., Lenderink, G., Rockel, 
B., Sánchez, E., Schär, C., Seneviratne, S.I., Somot, S., van Ulden, A. and van den 
Hurk, B., 2007: An inter-comparison of regional climate models for Europe: model 
performance in present-day climate. Climatic Change, doi: 10.1007/s10584-006-
9213-4. 
Jacob, D.J. and Gilliland, A.B., 2005: Modeling the impact of air pollution on global 
climate change. Environmental Manager 55(10), 24-27. 
Johnson, E.A. and Wowchuk, D.R., 1993: Wildfires in the southern Canadian rocky 
mountains and their relationship to mid-tropospheric anomalies. Canadian Journal of 
Forest Research 23, 1213–1222. 
Jones, R., Murphy, J., Hassell, D. and Taylor, R., 2001: Ensemble mean changes in a 
simulation of the European climate of 2071–2100 using the new Hadley Centre 
Regional Modelling System HadAM3H/HadRM3H. Hadley Centre, Met Office: Bracknell.  
Jones, T.C., Gregory, J.M., Ingram, W.J., Johnson, C.E., Jones, A., Lowe, J.A.,Mithcell, 
J.F.B., Roberts, D.L., Sexton, D.M.H., Stevenson, D.S., Tett, S.F.B. and Woodage, 
M.J., 2003: Anthropogenic climate change for 1860–2100 simulated with the HadCM3 
model under updated emissions scenarios. Climate Dynamics 20, 583–612. 
Jones, R.G., Murphy, J.M., Hassel, D.C. and Woodage, M.J., 2005: A high resolution 
atmospheric GCM for the generation of regional climate scenarios. Hadley Center 
Technical Note 63, Met Office, Exeter, UK. 
JRC – Joint Research Centre, 2006: European Forest Fire Information System. 
(http://effis.jrc.it) 
Källén, E., 1996: HIRLAM documentation manual, system 2.5., SMHI, S-60176, 
Norrköping, Sweden. 
Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., Iredell, M., 
Saha, S., White, G., Woollen, J., Zhu, Y., Leetmaa, A., Reynolds, B., Chelliah, M., 
Ebisuzaki, W., Higgins, W., Janowiak, J., Mo, K. C., Ropelewski, C., Wang, J., Jenne, 
166   
References 
R., Joseph, D., 1996: The NCEP/NCAR 40-years reanalysis project. Bulletin of 
American Metorological Society 77, 437-471. 
Kasischke, E.S. and Turetsky, M.R., 2006: Recent changes in the fire regime across 
the North American boreal region: spatial and temporal patterns of burning across 
Canada and Alaska. Geophysical Research Letters 33, L09703, 
doi:10.1029/2006GL025677. 
Keyes, D., Anderson, D., McKaughan, C. and Eyrich, H., 2001: Estimating the costs of 
violating air quality standards. Environmental Monitoring and Assessment 68(1), 22–
30. 
Kunkel, K.E., Huang, H.-C., Liang, X.-Z., Lin, J.-T., Wuebbles, D., Tao, Z., Williams, 
A., Caughey, M., Zhu, J. and Hayhoe, K., 2007: Sensitivity of future ozone 
concentrations in the northeast USA to regional climate change. Mitigation and 
Adaptation Strategies for Global Change, DOI 10.1007/s11027-007-9137-y. 
Kunkel, K.K., 2001: Surface energy budget and fuel moisture. In: Johnson EA, 
Miyanishi K (eds.) Forest Fires-Behaviour and Ecological Effects. Academic Press, San 
Diego, CA, 303–350. 
Langner, J., Bergström, R. and Foltescu, V., 2005: Impact of climate change on 
surface ozone and deposition of sulphur and nitrogen in Europe. Atmospheric 
Environment 39, 1129-1141.  
Lattuati, M., 1997: Contribution à l’étude du bilan de l’ozone troposphérique à 
l’interface de l’Europe et de l’Atlantique Nord: modélisation lagrangienne et mesures 
en altitude. Thèse de sciences, Université Paris 6, France. 
Leung, L., and S. Ghan, 1999: Pacific northwest climate sensitivity simulated by a 
regional climate model driven by a GCM. Part I: Control simulations. Journal of 
Climate 12(7), 2010-2030. 
Leung, L., Zhong, S., Qian, Y. and Liu, Y., 2004: Evaluation of regional climate 
simulations of the 1998 and 1999 east Asian summer monsoon using the 
GAME/HUBEX observational data. Journal of the Meteorological Society of Japan 82(6), 
1695-1713. 
Littell, J.S. and Graumlich, L.J., 2008: Lower-Elevation Fire History in the Northern 
Greater Yellowstone Region: Consequences of Transient Climate for Fire Regimes 
(personnel communication).  
   167 
References 
Lourenço, L., 1988: Tipos de tempo correspondentes aos grandes incêndios florestais 
ocorridos em 1986 no centro de Portugal (Weather aspects of the big forest fires 
during the summer of 1986 in the center of Portugal). Finisterra, 23(46), 251–270 (in 
Portuguese). 
Marques, C. and Rocha, A., 2003: Simulação de alterações climáticas no risco de 
incêndio florestal em Portugal. Proceedings of “3º Simpósio de Meteorologia e 
Geofísica da APMG. 4º Encontro Luso-Espanhol de Meteorologia”. ISBN: 972-99276-0-
X. p. 98-103. 
Mearns, L.O., Giorgi, F., Mcdaniel, L. and Shields, C., 1995: Analysis of daily variability 
of precipitation in a nested regional climate model – comparison with observations and 
doubled CO2 results. Global Planetary Change 10, 55–78. 
Mearns, L.O., Giorgi, F., Whetton, P., Pabon, D., Hulme, M. and Lal, M., 2003: 
Guidelines for Use of Climate Scenarios Developed from Regional Climate Model 
Experiments; DDC of IPCC TGCIA, Final Version. 
Millán, M.M., Estrela, M.J. and Badenas, C., 1998: Synoptic analysis of meteorological 
processes relevant to forest fire dynamics on the Spanish Mediterranean coast. In: 
Large Forest Fires, J.M. Moreno (Ed.), Backhuys Publishers, Leiden, The Netherlands.  
Miller, M., 2007: The San Diego Declaration on Climate Change and Fire Management. 
4th International Wildland Fire Conference, 13-17 May, Seville, Spain. (Proceedings in 
CD Rom) 
Miranda, A.I., Coutinho, M. and Borrego, C., 1994: Forest fires emissions in Portugal: 
a contribution to global warming? Environmental Pollution 83, 121-123. 
Miranda, A.I., 1998: Efeito dos Incêndios Florestais na Qualidade do Ar (Forest fire 
effects on air quality). Tese de Doutoramento em Ciências Aplicadas ao Ambiente 
(PhD Thesis). Departamento de Ambiente e Ordenamento, Universidade de Aveiro, 
Portugal. 
Miranda, A.I. and Borrego, C., 2002: Air quality measurements during prescribed fires. 
In IV International C onference on Forest Fire Research, Luso, Portugal, 18-23 
November 2002 – Forest Fire Research & Wildland Fire Safety, Ed. D. X. Viegas, 
Millpress, Rotterdam, pp. 205. Proceedings in CD-Rom. 
Miranda, A.I., 2004: An integrated numerical system to estimate air quality effects of 
forest fires. International Journal of Wildland Fire 13, 217-226. 
168   
References 
Miranda, A.I., Borrego, C., Santos, P., Sousa, M., Valente, J., 2004: Database of 
Forest Fire Emission Factors. Departamento de Ambiente e Ordenamento, 
Universidade de Aveiro: 2004, AMB-QA-08/2004. Deliverable D251 of SPREAD Project 
[EVG1-CT-2001-00043]. 
Miranda, A.I., Ferreira, J., Valente, J., Santos; P., Amorim, J.H. and Borrego, C., 
2005a: Smoke measurements during Gestosa 2002 experimental field fires. 
International Journal of Wildland Fire 14, 107–116.  
Miranda, A.I., Borrego, C., Carvalho, A., Sousa, M. Barbosa, P. and Valente, J., 2005b: 
Greenhouse gases emissions from European forest fires. Departamento de Ambiente e 
Ordenamento, Universidade de Aveiro. AMB-QA-06/2005. Deliverable D253 of SPREAD 
Project [EVG1-CT-2001-00043] 
Miranda, A.I., Borrego, C., Sousa, M., Valente, J., Barbosa, P. and Carvalho, A., 
2005c: Model of Forest Fire Emissions to the Atmosphere. Deliverable D252 of 
SPREAD Project (EVG1-CT-2001-00043). Department of Environment and Planning, 
University of Aveiro AMB-QA-07/2005, Aveiro, Portugal, 48 pp. 
Miranda, A.I., Martins, H., Carvalho, A. and Borrego, C., 2005d: Modelling smoke 
effects on Lisbon air quality. In: Proceedings of the 6th fire and forest meteorology 
symposium and the 19th interior west fire council meeting, Canmore, 25-27 October 
2005. 
Miranda A.I., Borrego C., Amorim J.H., Valente J., Santos P., Viegas D.X., Ribeiro L., 
2006: Smoke measurements in Gestosa 2004 field experiments. In 5th International 
Conference on Forest Fire Research, Figueira da Foz, Portugal, 27-30 November 2006 
- Ed. D. X. Viegas, ADAI, CEIF, University of Coimbra, Portugal. Proceedings in CD-
Rom. 
Miranda, A.I., Monteiro, A., Martins, V., Carvalho, A., Schaap, M., Builtjes, P. and 
Borrego, C., 2007: Forest fires impact on air quallity over Portugal. Pre-prints of the 
29th Int. Tech. Meeting on Air Pollution Modelling and its Application, 24-28 
September, Aveiro, Portugal, pp 185-192. 
Monteiro, A., Vautard, R., Lopes, M., Miranda, A.I. and Borrego, C., 2005a: Air 
pollution forecast in Portugal: a demand from the new air quality framework directive. 
International Journal of Environment and Pollution 25, 4-15. 
Monteiro, A., Vautard, R., Borrego, C., and A. I. Miranda, 2005b: Long-term 
simulations of photo oxidant pollution over Portugal using the CHIMERE model. 
Atmospheric Environment 39, 3089-3101. 
   169 
References 
Monteiro, A., 2007: Desenvolvimento de um sistema de avaliação e previsão da 
qualidade do ar para Portugal (Development of an air quality forecast system for 
Portugal). Tese de Doutoramento em Ciências Aplicadas ao Ambiente (PhD Thesis). 
Departamento de Ambiente e Ordenamento, Universidade de Aveiro, Portugal. 
Monteiro, A., Miranda, A.I., Borrego, C., Vautard, R., Ferreira, J. and Perez, A.T., 
2007: Long-term assessment of particulate matter using CHIMERE model. 
Atmospheric Environment, doi:10.1016/j.atmosenv.2007.06.008 
Moreno, J.M., 2005: Impacts on natural hazards of climatic origin – forest fires risk. 
In: A preliminary general assessment of the impacts in Spain due to the effects of 
climate change. Ministerio de Medio Ambiente. 
(http://www.mma.es/secciones/cambio_climatico/documentacion_cc/historicos_cc/pdf
/12_3_natural_hazards_ing_2.pdf)  
Moriondo, M., Good, P., Durão, R., Bindi, M., Giannakopoulos, C. and Corte-Real, J., 
2006: Potential impact of climate change on fire risk in the Mediterranean area. 
Climate Research 31, 85-95. doi: 10.3354/cr031085 
Nakicenovic, N., Alcamo, J., Davis, G., de Vries, B., Fenhann, J., Gaffin, S., Gregory, 
K., Grübler, A., Jung, T. Y., Kram, T., La Rovere, E. L., Michaelis, L., Mori, S., Morita, 
T., Pepper, W., Pitcher, H., Price, L., Raihi, K., Roehrl, A., Rogner, H-H., Sankovski, 
A., Schlesinger, M., Shukla, P., Smith, S., Swart, R., van Rooijen, S., Victor, N. and 
Dadi, Z., 2000: IPCC Special Report on Emissions Scenarios, Cambridge University 
Press, Cambridge, United Kingdom and New York, NY, USA, 599 pp. 
NCDC  - National Climatic Data Centre, 2006: Surface data – global summary of the 
day. (www.ncdc.noaa.gov) 
New, M., Lister, D., Hulme, M. and Makin, I., 2002: A high-resolution data set of 
surface climate over global land areas. Climate Research 21, 1-25. 
Passant, N.R., 2002: Speciation of U.K. emissions of non-methane VOC, 
AEAT/ENV/0545. 
Pausas, J.G. and Vallejo, V.R., 1999: The role of fire in European Mediterranean 
Ecosystems. In: Chuvieco E. (ed.) Remote sensing of large wildfires in the European 
Mediterranean basin, Springer-Verlag, 3-16. 
Pausas, J.G., 2004: Changes in fire and climate in the eastern Iberian Peninsula 
(Mediterranean basin). Climatic Change 63, 337-350. 
170   
References 
Pereira, M.G., Trigo, R.M., da Camara, C.C., Pereira, J.M.C. and Leite, S.M., 2005: 
Synoptic patterns associated with large summer forest fires in Portugal. Agriculture 
and Forest Meteorology 129, 11-25. 
Peterson, J., 1987: Analysis and reduction of the errors of predicting prescribed burn 
emissions (PhD Thesis). University of Washington, Seattle. 
Peterson, J. and Sandberg, D., 1988: A national PM10 inventory approach for wildfires 
and prescribed fires. In: Proceedings of the PM10 implementation of standards: an 
APCA/EPA International Specialty Conference. Eds C Mathai; D Stonefield: San 
Francisco: CA. 
Piñol, J., Terradas, J. and Lloret, F., 1998: Climate warming, wildfire hazard, and 
wildfire occurrence I coastal eastern Spain. Climatic Change 38, 345-357. 
Pope, V.D., Gallani, M.L., Rowntree, P.R. and Stratton, R.A. 2000: The impact of new 
physical parametrizations in the Hadley Centre climate model: HadAM3. Climate 
Dynamics 16, 123–146. 
Prather, M., Gauss, M., Berntsen, T., Isaksen, I., Sundet, J., Bey, I., Brasseur, G., 
Dentener, F., Derwent, R., Stevenson, D., Grenfell, L., Hauglustaine, D., Horowitz, L., 
Jacob, D., Mickley,L., Lawrence, M., von Kuhlmann, R., Muller, J.F., Pitari, G., Rogers, 
H., Johnson, M., Pyle, J., Law, K., van Weele, M. and Wild, O., 2003: Fresh air in the 
21st century. Geophysical Research Letters 30(2), 1100, doi:10.1029/2002GL016285. 
Price, C. and Rind, D., 1994: The impact of a 2xCO2 climate on lightning-caused fires. 
Journal of Climate 7, 1484-1494. 
PRUDENCE, 2005: Prediction of regional scenarios and uncertainties for defining 
European climate change risks and effects. Copenhagen. (http://prudence.dmi.dk.)  
Pyne, S., 2007: Megaburning: The Meaning of Megafires and the Means of the 
Management. 4th International Wildland Fire Conference, 13-17 May, Seville, Spain. 
(http://www.wildfire07.es/doc/cd/INTRODUCTORIAS_ST/Pyne_ST1.pdf) 
Pyne, S.J., Andrews, P.L. and Laven, R.D. (eds), 1996: Introduction to Wildland Fire. 
John Wiley & Sons, New York  
Ramos, C. and Ventura, J.E., 1992: Um índice climático de perigo de incêndio aplicado 
aos fogos florestais em Portugal (A daily climatic index of fire risk applied to Portugal). 
Finisterra 27(53–54), 79–93 (in Portuguese). 
Riebau, A. and Fox, D., 2001: The new smoke management. International Journal of 
Wildland Fire 10, 415–427. 
   171 
References 
Roeckner, E., K. Arpe, L. Bengtsson, M. Christoph, M. Claussen, L. Dümenil, M. Esch, 
M. Giorgetta, U. Schlese, and U. Schulzweida, 1996: The atmospheric general 
circulation model ECHAM-4: Model description and simulation of present-day climate, 
Report No. 218, 90 pp., Max-Planck-Institut für Meteorologie, MPI, Hamburg. 
Santos, F.D., Forbes, K. and Moita, R., 2002 : Climate Change in Portugal. Scenarios, 
Impacts and Adaptation Measures – SIAM Project, Gradiva, Lisboa, Portugal, 454 pp.  
SAS Institude Inc., 2004: SAS OnlineDoc®, Version 9.1.3, SAS Institude Inc., Cary, 
NC. 
Schmidt, H., Derognat, C., Vautard, R. and Beekmann, M., 2001: A comparison of 
simulated and observed ozone mixing ratios for the summer of 1998 in Western 
Europe. Atmospheric Environment 35(36), 6277– 6297. 
Schroeder, M.J., 1969: Critical Fire Weather Patterns in the Conterminous United 
States. Environmental Science Services Administration, Silver Spring, MD. 
Schumaker, L.L., 1981: Spline functions, basic theory. Wiley–Interscience, 553 pp. 
Seinfeld, J.H. and Pandis, S.N., 1998: Atmospheric chemistry and physics. From air 
pollution to climate change, John Wiley, Sons, Inc., New York, 1326 pp. 
Sillman, S. and Samson, P.J., 1995: Impact of temperature on oxidant photochemistry 
in urban, polluted rural and remote environments. Journal of Geophysical Research 
100, 11497–11508. 
Simmonds, P.G., Manning, A.J., Derwent, R.G., Ciais, P., Ramonet, M., Kazan, V., 
Ryall, D., 2005: A burning question. Can recent growth rate anomalies in the 
greenhouse gases be attributed to large-scale biomass burning events? Atmospheric 
Environment 39, 2513-2517. 
Sitch, S., Cox, P., Collins, W. and Huntingford, C., 2007: Indirect radiative forcing of 
climate change through ozone effects on the land-carbon sink. Nature 448(7155), 
791-794. 
Skinner, W., Stocks, B., Martell, D., Bonsal, B. and Shabbar, A., 1999: The association 
between circulation anomalies in the mid troposphere and area burned by wildland fire 
in Canada. Theoretical and Applied Climatology 63, 89-105 
Skinner, W.R., Flannigan, M.D., Stocks, B.J., Martell, D.L., Wotton, B.M., Todd, J.B., 
Mason, J.A., Logan, K.A. and Bosch, E.M., 2002: A 500 hPa synoptic wildland fire 
climatology for large Canadian forest fires, 1959 - 1996. Theoretical and Applied 
Climatology 17, 157 169. 
172   
References 
Solman, S., Nuñez, M. and Cabré, M.F., 2007: Regional climate change experiments 
over southern South America. I: present climate. Climate Dynamics, doi: 
10.1007/s00382-007-0304-3  
Stocks, B. and Street, R., 1983: Forest fire weather and wildfire occurrence in the 
boreal forest of northwestern Ontario. In ‘Resources and Dynamics of the Boreal 
Zone.’(Eds RW Wein, RR Riewe, IR Methven) pp. 249-265. (Assoc. Can. For Northern 
Studies: Ottawa). 
Stocks, B.J., Fosberg, M.A., Lynham, T.J., Mearns, L., Wotton, B.M., Yang, Q., Jin, J-
Z., Lawrence, K., Hartley, G.R., Mason, J.A. and McKENNEY, D.W., 1998: Climate 
Change and Forest Fire Potential in Russian and Canadian Boreal Forests. Climatic 
Change 38(1), 1–13. 
Stohl A., Williams, E., Wotawa, G. and Kromp-Kolb, H., 1996: A European inventory 
for soil nitric oxide emissions and the effect of these emissions on the photochemical 
formation of ozone. Atmospheric Environment 30, 374-3755. 
Szopa, S., Hauglustaine, D.A., Vautard, R. and Menut, L., 2006: Future global 
tropospheric ozone changes and impact on European air quality. Geophysical Research 
Letters 33, L14805, doi:10.1029/2006GL025860. 
Trigo, R.M., Pereira, J.M.C., Pereira, M.G., Mota, B., Calado, T.J., DaCamara, C. and 
Santo, F.E., 2006: Atmospheric conditions associated with the exceptional fire season 
of 2003 in Portugal. International Journal of Climatology 26, 1741-1757. 
Uppala, S.M., Kallberg, P.W., Simmons, A.J., Andrae, U., Bechtold, V.D., Fiorino, M., 
Gibson, J.K., Haseler, J., Hernandez, A., Kelly, G.A., Li, X., Onogi, K., Saarinen, S., 
Sokka, N., Allan, R.P., Andersson, E., Arpe, K., Balmaseda, M.A., Beljaars, A.C. M., 
Van De Berg, L., Bidlot, J., Bormann, N., Caires, S., Chevallier, F., Dethof, A., 
Dragosavac, M., Fisher, M., Fuentes, M., Hagemann, S., Holm, E., Hoskins, B.J., 
Isaksen, L., Janssen, P.A.E.M., Jenne, R., McNally, A.P., Mahfouf, J. F., Morcrette, J.J., 
Rayner, N.A., Saunders, R.W., Simon, P., Sterl, A., Trenberth, K.E., Untch, A., 
Vasiljevic, D., Viterbo, P. and Woollen, J., 2005: The ERA-40 re-analysis. The 
Quarterly Journal of the Royal Meteorological Society 131, 2961 - 3012.  
Valente, J., Miranda, A.I., Lopes, A.G., Borrego C., Viegas, D.X. and Lopes, M., 2007: 
A local-scale modelling system to simulate smoke dispersion. International Journal of 
Wildland Fire 16, 196-203. 
   173 
References 
Van der Werf, G.R., Randerson, J.T., Collatz, G.J., Giglio, L., Kasibhatla, P.S., Avelino, 
A., Olsen, S.C. and Kasischke, E.S., 2004: Continental-scale partitioning of fire 
emissions during the 1997 to 2001 El Nino/La Nina period. Science 303, 73–76. 
Van Dijck, S., Laouina, A., Carvalho, A., Loos, S., Schipper, A., Kwast, H., Nafaa R., 
Antari, M., Rocha, A., Borrego, C. and Ritsema, C., 2005: Desertification in Northern 
Morocco due to effects of climate change on groundwater recharge. Desertification in 
the Mediterranean Region. A Security Issue. Eds. Kepner, W., Rubio, J., Mouat, D., 
Pedrazzini, F., Springer New York, 614 p., ISBN:1-4020-3758-9. 
van Elteren, P.H., 1960: On the combination of independent two-sample tests of 
Wilcoxon. Bulletin of the International Statistical Institute 37, 351–361. 
Van Wagner, C.E., 1970: Conversion of Williams severity rating for use with the fire 
weather index. Can. Dep. Fisheries and For., Petawawa Forest Expt. Stn., Information 
Report PS-X-21. Petawawa. 
Van Wagner, C.E., 1987: Development and Structure of the Canadian Forest Fire 
Weather Index System. Canadian Forest Service, Forestry Technical Report 35, 
Ottowa, Canada 
Vásquez, A. and Moreno, J.M., 1995: Patterns of fire occurrence across a climatic 
gradient and its relationship to meteorological variables in Spain. In: Moreno, J.M. and 
W.C. Oechel (Eds.), Global Change and Mediterranean-Type Ecosystems, Springer 
Verlag, Berlin, 408 - 434. 
Vautard, R., Honore, C., Beekmann, M. and Rouil, L., 2005: Simulation of ozone 
during the August 2003 heat wave and emission control scenarios. Atmospheric 
Environment 39(16), 2957-2967. 
Vestreng, V., 2003: Review and revision of emission data reported to CLRTAP, EMEP 
Status Report, July 2003. 
Vestreng, V., Breivik, K., Adams, M., Wagener, A., Goodwin, J., Rozovskkaya, O. and 
Pacyna, J.M., 2005: Inventory Review 2005, Emission Data reported to LRTAP 
Convention and NEC Directive, Initial review of HMs and POPs, Technical report MSC-
W 1/2005, ISSN 0804-2446. 
Viegas, D.X., Viegas, M.T. and Ferreira, A.D., 1992: Moisture content of fine forest 
fuels and fire occurrence in Central Portugal. International Journal of Wildland Fire 
2(2), 69-86. 
174   
References 
Viegas, D.X. and Viegas, M.T., 1994: A relationship between rainfall and burned area 
for Portugal. International Journal of Wildland Fire 4(1), 11-16. 
Viegas, D.X., Sol. B., Bovio, G., Nosenzo, A. and Ferreira, A.D., 1999: Comparative 
study of various methods of fire danger. International Journal of Wildland Fire 9(4), 
235-246. 
Viegas, D.X., Piñol, J., Viegas, M.T. and Ogaya, R. 2001: Estimating live fine fuels 
moisture content using meteorologically-based indices. International Journal of 
Wildland Fire 10(2), 223-240. 
Viegas, D.X., Cruz, M.G., Ribeiro, L.M., Silva, A.J., Ollero, A., Arrue, B., Dios, R., 
Gómez-Rodríguez, F., Merino, L., Miranda, A.I., and Santos, P., 2002: Gestosa fire 
spread experiments. Forest Fire Research & Wildland Fire Safety, Viegas (Ed.), 2002 
Millpress, Rotterdam, ISBN 90-77017-72-0. (Proceedings in CD-Rom) 
Viegas, D.X., Reis, R.M., Cruz, M.G. and Viegas, M.T., 2004: Calibração do Sistema 
Canadiano de Perigo de Incêndio para Aplicação em Portugal (Calibration of the 
Canadian Fire Weather Index System for application over Portugal). Silva Lusitana 
12(1), 77-93. 
Viegas, D.X., Abrantes, T., Palheiro, P., Santo, F.E., Viegas, M.T., Silva, J. and 
Pessanha, L., 2006: Fire weather during the 2003, 2004 and 2005 fire seasons in 
Portugal. In V International Conference on Forest Fire Research. Ed D.X. Viegas, 
Figueira-da-Foz, 2006. Proceedings in CD. 
von Storch, H. and Zwiers, F.W., 1999: Statistical analysis in climate research. 
Cambridge University Press, Cambridge, UK. pp 484. 
Vukovich, F.M. and Sherwell, J., 2003: An examination of the relationship between 
certain meteorological parameters and surface ozone variations in the Baltimore–
Washington corridor. Atmospheric Environment 37, 971–981. 
Weisel, C.P, Cody, R.R and Lioy, P.J., 1995: Relationship between summertime 
ambient ozone levels and emergency department visits for asthma in central New 
Jersey. Environment Health Perspectives 103(Suppl 2), 97-102. 
Westerling, A.L., Cayan, D.R., Brown, T.J., Hall, B.L. and Riddle, L.G., 2004: Climate, 
Santa Ana winds, and autumn wildfires in southern California. EOS Transactions 
American Geophisical Union 85(31), 289–296. 
   175 
References 
Westerling, A.L., Gershunov, A., Brown, B.L., Cayan, D.R. and Dettinger, M.D., 2003: 
Climate and wildfire in the western United States. Bulletin of the American 
Meteorological Society 84, 595–604. 
Wilby, R.L. and Wigley, T.M.L., 1997: Downscaling general circulation model output: a 
review of methods and limitations. Progress in Physical Geography 21, 530-548. 
Wilks, D.S., 1996: Statistical methods in the atmospheric sciences. International 
Geophysics Series, 59Academic Press, San Diego, 467 pp. 
Williams, D., 1959: Fire season severity rating. Can. Dep. Northern Aff. and Nat. Res., 
Div.Tech. Note 73, Ottawa. 
Williams, A.A.J., Karoly, D.J. and Tapper, N., 2001: The sensitivity of Australian fire 
danger to climate change. Climatic Change 49, 171 - 191. 
Wise, E. and Comrie, A., 2005: Meteorologically adjusted urban air quality trends in 
the Southwestern United States. Atmospheric Environment 39, 2969–2980. 
Wotton, B., Martell, D. and Logan, K., 2003: Climate change and people-caused forest 
fire occurrence in Ontario. Climatic Change 60, 275-295. 
Wotton, B.M. and Flannigan, M.D., 1993: Length of the fire season in a changing 
climate. Forest Chronicle 69, 187 - 192. 
Wotton, B.M., Stocks, B.J., Flannigan, M.D., Laprise, R. and Blanchet, J.-P., 1998: 
Estimating Current and Future Fire Climates in the Boreal Forest of Canada Using a 
Regional Climate Model. In: Viegas D.X. (ed) Proceedings of the 3rd International 
Conference on Forest Fire Research and 14th Conference on Fire and Forest 
Meteorology, Coimbra, 1207-1221. 
WRAP - Western Regional Air Partnership, 2005: Development of 2000-04 Baseline 
Period and 2018 Projection Year Emission Inventories. Prepared by Air Sciences, Inc. 
Project No. 178-8, August, 2005. 
Zlatev, Z., 2002: Comprehensive Air pollution studies by the Danish Eulerian Model. In 
Global and regional atmospheric modelling. Proc. of the 6th GLOREAM workshop. 
Aveiro, Portugal, 4-6 September 2002. Ed: C. Borrego, P. Builtjes, A.I. Miranda, P. 
Santos and A.C. Carvalho. 
 
176   
Appendix 
Appendices 
 
 
 
 
 
Appendix A – Correlation analysis based on daily, monthly and seasonal data 
Appendix B – Observed and estimated fire activity between 1980 and 2005 
Appendix C – Climate change impacts on the FWI system components 
Appendix D – Monthly fire activity for reference and future scenario 
Appendix E – MM5 outputs over Europe for reference and future climate 
Appendix F – O3 and PM10 differences between future and reference climate 
 
 
 
 
   A-1 
Appendix 
 
A-2   
Appendix 
Appendix a 
 
Appendix A – Correlation analysis based on daily, monthly and 
seasonal data 
Table A.1 to Table A.5 present the daily, monthly and seasonal (May 1st to October 
31st) correlation analysis between area burned and number of fires and the weather 
and the FWI components 
 
Table A.1 - Pearson correlation coefficients (r), for the natural logarithm of area burned, 
obtained on a daily basis. 
Pearson correlation coefficient (r) 
District 
TX FWI DSR BUI 
N p 
Bragança 0.54   0.57 9132 <0.0001 
Vila Real 0.59 0.72   9132 <0.0001 
Porto 0.58   0.69 9132 <0.0001 
Viseu 0.63 0.73   4232 <0.0001 
Coimbra 0.53 0.64   9132 <0.0001 
Castelo Branco 0.59 0.68   7185 <0.0001 
Portalegre 0.29  0.37  9132 <0.0001 
Santarém 0.50  0.62  5479 <0.0001 
Lisboa 0.55 0.59   9132 <0.0001 
Évora 0.27  0.37  9132 <0.0001 
Beja 0.33  0.39  9132 <0.0001 
Portalegre, Évora, Beja 0.45 0.54   9132 <0.0001 
Faro 0.41 0.45   9132 <0.0001 
All districts 0.79 0.86   9132 <0.0001 
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Table A.2 - Pearson correlation coefficients (r), for the natural logarithm of number of fires, 
obtained on a daily basis. 
Pearson correlation coefficient (r) 
District 
TX FWI DSR BUI 
N p 
Bragança 0.55  0.52  9132 <0.0001 
Vila Real 0.62 0.72   9132 <0.0001 
Porto 0.59  0.67  9132 <0.0001 
Viseu 0.68  0.76  4232 <0.0001 
Coimbra 0.66 0.76   9132 <0.0001 
Castelo Branco 0.70 0.76   7185 <0.0001 
Portalegre 0.35 0.40   9132 <0.0001 
Santarém 0.58   0.68 5479 <0.0001 
Lisboa 0.57  0.55  9132 <0.0001 
Évora 0.31 0.39   9132 <0.0001 
Beja 0.37 0.41   9132 <0.0001 
Portalegre, Évora, Beja 0.49 0.55   9132 <0.0001 
Faro 0.52 0.57   9132 <0.0001 
All districts 0.77 0.79   9132 <0.0001 
 
 
Table A.3 - Pearson correlation coefficients (r), for the natural logarithm of area burned, 
obtained on a monthly basis. 
Pearson correlation coefficient (r) 
District 
TX FWI BUIP90 FWIP90 
N p 
Bragança 0.76  0.73  300 <0.0001 
Vila Real 0.74   0.79 300 <0.0001 
Porto 0.74  0.75  300 <0.0001 
Viseu 0.74  0.82  138 <0.0001 
Coimbra 0.79 0.84   300 <0.0001 
Castelo Branco 0.83   0.85 236 <0.0001 
Portalegre 0.65 0.67   300 <0.0001 
Santarém 0.82 0.88   180 <0.0001 
Lisboa 0.79  0.77  300 <0.0001 
Évora 0.61   0.65 300 <0.0001 
Beja 0.74   0.76 300 <0.0001 
Portalegre, Évora, Beja 0.76   0.78 300 <0.0001 
Faro 0.79 0.82   300 <0.0001 
All districts 
0.84   0.87 
300 <0.0001 
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Table A.4 - Pearson correlation coefficients (r), for the natural logarithm of number of fires, 
obtained on a monthly basis. 
Pearson correlation coefficient (r) 
District 
TX FWI BUIP90 FWIP90 
N p 
Bragança 0.71  0.64  300 <0.0001 
Vila Real 0.71 0.73   300 <0.0001 
Porto 0.68  0.66  300 <0.0001 
Viseu 0.67  0.82  138 <0.0001 
Coimbra 0.77   0.79 300 <0.0001 
Castelo Branco 0.80 0.79   236 <0.0001 
Portalegre 0.59 0.59   300 <0.0001 
Santarém 0.83   0.87 180 <0.0001 
Lisboa 0.69  0.61  300 <0.0001 
Évora 0.57   0.61 300 <0.0001 
Beja 0.66   0.66 300 <0.0001 
Portalegre, Évora, Beja 0.68   0.68 300 <0.0001 
Faro 0.72 0.72   300 <0.0001 
All districts 0.76   0.77 300 <0.0001 
 
Table A.5 - Pearson correlation coefficients (r), for the natural logarithm of area burned, 
obtained on a seasonal (May 1st to October 31st) basis. 
Pearson correlation coefficient (r) 
District 
T TX TXX TXP90 DMC  DCX DSRX  FFMCX FWIP90 
N p 
Bragança  0.65        25 <0.0001 
Vila Real        0.49  25 <0.0001 
Porto 0.49       0.67  25 <0.0001 
Viseu     0.57     23 <0.0001 
Coimbra    0.57  0.59    25 <0.0001 
Castelo Branco  0.57    0.69    20 <0.0001 
Portalegre          25 <0.0001 
Santarém  0.81       0.82 15 <0.0001 
Lisboa    0.56      25 <0.0001 
Évora          25 <0.0001 
Beja       0.49   25 <0.0001 
Portalegre, Évora, Beja          25 <0.0001 
Faro   0.62      0.74 25 <0.0001 
All districts  0.65       0.60 25 <0.0001 
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Appendix B – Observed and estimated fire activity between 1980 
and 2005 
Figure B.1 to Figure B.7 show the natural logarithm of the observed and estimated 
monthly area burned and monthly number of fires, between 1980 and 2005, by 
district. 
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b) 
Figure B.1 – Natural logarithm of the observed and estimated a) monthly area burned and b) 
monthly number of fires for Bragança district, from 1980 to 2005. 
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b) 
Figure B.2 – Natural logarithm of the observed and estimated a) monthly area burned and b) 
monthly number of fires for Faro district, from 1980 to 2005. 
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b) 
Figure B.3 – Natural logarithm of the observed and estimated a) monthly area burned and b) 
monthly number of fires for Portalegre, Évora e Beja districts, from 1980 to 2005. 
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b) 
Figure B.4 – Natural logarithm of the observed and estimated a) monthly area burned and b) 
monthly number of fires for Lisboa district, from 1980 to 2005. 
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b) 
Figure B.5 – Natural logarithm of the observed and estimated a) monthly area burned and b) 
monthly number of fires for Vila Real district, from 1980 to 2005. 
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b) 
Figure B.6 – Natural logarithm of the observed and estimated a) monthly area burned and b) 
monthly number of fires for Viseu district, from 1980 to 2005. 
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b) 
Figure B.7 – Natural logarithm of the observed and estimated a) monthly area burned and b) 
monthly number of fires for Porto district, from 1980 to 2005. 
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Appendix c 
  
Appendix C – Climate change impacts on the FWI system 
components  
Figure C.1 shows the DC, DMC, ISI and BUI, by district, for reference and future 
climatic scenario at 12 km and 25 km resolution. 
Figure C.2 exhibits the FWI frequencies for reference and future climatic scenario. 
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b) 
Figure C.1 - Monthly mean of daily DMC, DC, ISI and BUI components per district, for the 2071-
2100 scenario (coloured boxes) and 1961-1990 scenario (open boxes) for a) HIRHAM 12 km 
simulation and b) HIRHAM 25 km resolution. 
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Figure C.2 - Relative frequencies of fire weather index (FWI) component, by district, for each 
climatic scenario (reference and 2 x CO2) at 12 km resolution. 
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Appendix D – Monthly fire activity for reference and future 
scenario 
Figure D.1 and Figure D.2 present the monthly area burned and the monthly number 
of fires, respectively, for reference (1961-1990) and future (2071-2100) climate for 
the analysed Portuguese districts. 
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Figure D.1 - Monthly area burned distribution for reference (1961-1990) and future (2071-
2100) climate by district. 
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Figure D.2 - Monthly number of fires distribution for reference (1961-1990) and future (2071-
2100) climate by district. 
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Appendix E – MM5 outputs over Europe for reference and future 
climate  
 
Figure E.1 to Figure E.4 depict the monthly averages of boundary layer height, wind 
speed, relative humidity and temperature over Europe from May to October.  
The presented maps exhibit the differences between the future climate (2100) and the 
reference climate (1990).  
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f) 
Figure E.1 – Monthly mean boundary layer height differences simulated over Europe with MM5 
model between 2100 climate and 1990 climate for a) May, b) June, c) July, d) August, e) 
September, and f) October. 
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f) 
Figure E.2 - Monthly mean wind speed differences simulated over Europe with MM5 model 
between 2100 climate and 1990 climate for a) May, b) June, c) July, d) August, e) September, 
and f) October. 
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f) 
Figure E.3 - Monthly mean relative humidity differences simulated over Europe with MM5 model 
between 2100 climate and 1990 climate for a) May, b) June, c) July, d) August, e) September, 
and f) October. 
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f) 
Figure E.4 - Monthly mean surface temperature differences simulated over Europe with MM5 
model between 2100 climate and 1990 climate for a) May, b) June, c) July, d) August, e) 
September, and f) October. 
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Appendix f 
 
Appendix F – O3 and PM10 differences between future and 
reference climate 
 
Figure F.1 shows the monthly ozone averages for May, June and October and Figure 
F.2 depicts the hourly ozone averages at 9 UTC and 21 UTC for August. The presented 
maps represent concentrations differences between the future and the reference 
scenario. On the left it is possible to see only the climate change effect and on the 
right climate change and future fire emissions are considered. 
 
Figure F.3 presents the monthly PM10 averages for May, June and October, considering 
only climate change impacts and climate change and future forest fire emissions. 
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Figure F.1 - Monthly mean surface O3 changes simulated over Portugal considering only climate 
change (S1 – C1) and climate change and future fire emissions (S2 – C1) for May, June, and 
October. 
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Figure F.2 - Hourly average O3 concentrations for August at 9, and 21 UTC considering climate 
change only (S1-C1) and climate change and future forest fire emissions (S2-C1). 
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Figure F.3 - Monthly surface PM10 concentrations over Portugal considering only climate change 
(S1 – C1) impacts and climate change and future forest fire emissions (S2 – C1) for May, June, 
and October. 
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